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ABSTRACT
Synthetic polymers have traditionally been difficult to analyse directly by mass
spectrometry due to their high molecular weight and involatile nature. In recent
years electrospray ionisation mass

spectrometry (ESI-MS) has allowed the

detection of intact molecular species with masses up to 150,000 Da, and although a
host of biomolecular applications has appeared, few polymer applications have
been reported.

In this study, a range of polyester resins was examined by ESI-MS. These resins
are major constituents in paints used in the manufacture of coated metal products.
The effects of solvent systems, the addition of alkali metal salts and the applied
cone potential were examined to determine the optimum conditions for analysis of
these resins by ESI-MS. Characterisation of these resins has identified a range of
structural features such

as branching, cyclic oligomers and

products of

transesterification. Initial structural assignments were confirmed by tandem

mass

spectrometry. Samples in which ESI-MS showed the presence of a high proportion
of cyclic oligomers were also analysed by Fourier transform infrared and nuclear
magnetic resonance spectroscopy, and these data confirmed the ESI-MS results.
The propensity for cyclisation of various monomer

combinations during resin

synthesis observed in the ESI mass spectra was also correlated with probability
functions of end-to-end distances calculated by molecular modelling.

Identification of individual polyester species potentially allows the calculation of
average molecular weights from the ESI mass spectra of the polyester resins. The
validity of these results, however, was questioned upon observation of changes of
relative peak heights with variations in sampling cone potentials. The influence of
cone potential on the ESI-MS response of individual polyester, polyethyleneglycol
and kemptamide

ions of varying charge and mass was studied in some detail.

These effects were correlated with a mathematical model of gas dynamics and ion
mobilities of ions in the expansion region of the ESI source, to reveal several mass
and charge-dependent effects which influence the optimum sampling cone potential
according to their m/z values. The conclusion of this work is that average molecular
weight data cannot be determined directly from the ESI mass spectra of complete
polymer samples. The magnitude of this effect is naturally accentuated for polymer

V

samples in which the oligomers span a greater mass range as is the case with the
polyesters studied here.

Matrix-assisted laser desorption ionisation mass spectrometry (MALDI-MS) was
also used to characterise the polyester resins. Similar species were detected by
MALDI- and ESI-MS, although minor variations in the relative abundances

observed

for different structures were observed which may be indicative of the differences in
ionisation mechanisms between the two techniques. Similar mass distributions were
also obtained, however the higher masses

were observed as doubly-charged

species with ESI-MS. Fractionation of the polyester samples by size exclusion
chromatography prior to analysis by ESI- and MALDI-MS

allowed the detection of

higher masses than were observed in the spectrum of complete samples, although
several high mass fractions were not detected, presumably due to the limits of
sensitivity of both techniques. The mass spectra of individual fractions were used to
construct a calibration curve from which average molecular weight values were
determined, thus mitigating the effects of polydispersity on the determination of
average molecular weights.

Finally, cross/inkers, complete paint formulations and coating extracts were also

analysed by ESI-MS to investigate the utility of this technique for characterisation o
a wider range of samples relevant to the steel coatings industry.
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1. INTRODUCTION
The term polymer is derived from the Greek terms poly, meaning many, and meros,
for parts.1 Thus, polymers are chemical species distinguished by the fact that they are
comprised of a repeating unit or units within a molecular chain. The term resin refers
to polymers that are used as precursors in the synthesis of cross-linked polymer
networks. Polymers are large molecules, with molecular weights usually greater than
1000 Da or comprising 100 or more structural units.1 For both thermodynamic and
kinetic reasons, polymer synthesis results in a mixture of polymeric species that have
a distribution of chain lengths.

Today we are surrounded by polymer-based products such as the structural
components of household appliances and the synthetic fibres used in clothing. It is not
surprising, therefore, that worldwide production of synthetic polymers has been
estimated to be in the order of 7 x 1010 kg per annum,2 and that polymers account for
35% of the chemical industry.3 Polymers are found in a variety of forms, both organic
and inorganic; furthermore, they can be either naturally occurring or synthetic. The
vast array of polymers is illustrated in Figure 1-1, in which they are classified
according to their use.

IE

olymeric Materials

I

Inorganic

Organic

_r

1

Natural

Synthetic
i—fibres

brick
— cement
— pottery

Natural

— Polysaccharides
adhesives
I—fibres

Synthetic
—
—
—
—
—

adhesives
fibres
paints
plastics
rubbers

Proteins

J

Sands
glass

adhesives
I—fibres
Polyisoprene
•rubber

Figure 1-1: Various classifications of polymeric materials and their uses.
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1.1 Polymer Characterisation
Polymers present difficulties in characterisation due to their large molecular weight,
involatility, and the complex nature of synthetic polymer mixtures. T h e range of
parameters that can impact on polymer performance is summarised in Table 1-1.
Ideally, analytical methods for polymer characterisation should yield m o r e than one of
these parameters.

Table 1-1: Key Polymer Parameters (adapted from T.C. Ward4)
Parameter Information Sought
Molecular Weight Distribution
Chemical Composition

Stereochemistry
Topology
Morphology
Miscellaneous

Proportions of chains that have different numbers of
repeating units.
Distinguish homopolymer or a combination of more than
one repeating unit. Determine architecture of chain
assembly.
Distinguish cis/trans isomers or stereoisomers (tacticity),
and determine their distribution along the chains.
Distinguish linear, branched or crosslinked chains.
Determine details of the solid polymer structure.
Study additives or surface features which may be present.

1.1.1 Structural characterisation
Nuclear magnetic resonance spectroscopy (NMR) is a very effective method for
determining the structure and dynamics of polymer chains, both in solution and in the
solid state, since it provides a wealth of stereochemical and microstructure
information.5 Geometrical isomerism is readily observed, as are regiochemical
attributes. For example, it is possible to distinguish 'head to tail' from 'head to head:tail
to tail' propagation in asymmetrically substituted vinyl m o n o m e r s . For copolymers,
NMR allows the detection of anomalous units and the sequences of monomers
comprising the polymer chain. Reactivity ratios may also be inferred from the
sequence if ratios of monomer constituents are known.6

4
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High resolution N M R

spectra provide detailed, localised information concerning

polymers in solution. Although these spectra are simplified due to weak or absent
dipole interactions, much of the information associated with the complexity of solids is
lost using this technique. Solid state NMR has significantly lower resolution due to
extensive dipolar interactions which obscure the detailed structural information usually
imparted from weaker shifts and exchange interactions. Interpretation of this low
resolution data tends to rely on idealised polymer models, but can provide important
information about polymers in the solid state. Recent developments in instrumentation
have improved the resolution of solid state spectra by selective suppression of dipolar
contributions via cross polarisation, dipolar decoupling and magic angle spinning
techniques.4

Infrared spectroscopy is widely used for characterisation of polymers in both solution
and solid state. Despite the complexity of polymeric material, the selectivity and
sensitivity of this technique readily allows determination of molecular composition by
identification of functional groups. Specific polymers may be distinguished by their
characteristic absorbance patterns in the 'fingerprint' region of the infrared spectrum
which extends from 6.67 - 12.50 urn. Information on polymer microstructures such as
branching, crystallinity, tacticity and cis- and trans-isomerism can also be obtained, but
this stereostructural identification is more reliably determined by NMR.5 IR can also be
used to determine crystallinity and for the characterisation of surfaces and interfacial
regions,2 however no molecular weight information is provided by this technique.

X-ray diffraction provides information on the degree of crystallinity in a polymer system.
Relative proportions of amorphous and crystalline regions are readily calculated,
although detailed structural analysis is only possible with this technique in highly
stereoregular or symmetrical polymers.2,5
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Thermal analysis by differential thermal analysis (DTA) or differential scanning
calorimetry (DSC) measures changes in enthalpy arising from chemical or physical
changes in the polymer. Using these techniques it is possible to precisely measure the
temperatures at which melting, crystallisation or glass transition occur. Sample
decomposition, cross-linking and the existence of polymorphic forms may also be
observed.5

1.1.2 Molecular Weight Determination
Molecular weight is a highly significant parameter which impacts greatly on the final
properties of the polymer. As they are comprised of a variety of chain lengths,
polymers do not have discrete molecular weights, rather they are described either as
averages or a distribution of values. Molecular weight distributions are usually
represented as a plot of the mole (nj) or weight fraction (Wi) versus the degree of
polymerisation (i) or the molecular weight (irij) of each polymer species. This
information can be derived experimentally by fractionation of the polymer sample on
the basis of molecular weight. Ideally, fractionation would result in discrete numbers of
molecules of each size, thus enabling absolute molecular weights to be determined.
Fractionation, however, is usually achieved by size exclusion chromatography (SEC)
by which it is only possible to isolate narrow distributions of the whole polymer.4
Average molecular weight data is calculated from chromatographic distributions.
Molecular weights are normally reported as number average (Mn) and/or weight
average (Mw) molecular weights. The mathematical formulae for Mn and Mw are given
in Equations 1-1 and 1-2 respectively.

6
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Mn = > -==;

%M

Mw=

v, NiMi 2
> •==

Equation 1-1

Equation 1-2

tt £ NiMi
Nj is the mole fraction of the polymer with a degree of polymerisation equal to i, and Mj

is the mass of that species. The ratio of Mw /Mn is known as the polydispersity in
which has a minimum value of 1 for monodisperse polymers in which Mw and Mn are

equal. As the molecular weight distribution of a polymer widens, the polydispersi
index increases to values greater than 1.2

The common classical techniques for molecular weight determination of dilute poly
solutions are summarised in Table 1-2. Most of these techniques determine only

average molecular weights, whereas SEC distinguishes the distribution of molecula

weights present in the polymer. Furthermore, the data provided by these techniques

can be either absolute or relative, depending on whether or not calibration is re

Of the range of techniques available for molecular weight determination, two meth

are predominantly practised, viscometry and SEC. Viscometry is mainly used for its
simplicity and low cost; SEC is otherwise the method of choice.2
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Table 1-2: Classical techniques used for polymer molecular weight determination.4
Technique

Output

Range

Absolute/Relative

(g/mol)

osmometry

Mn
Mn

15000-750000

ebuliometry

Mn

upto 100000

light scattering

2000-10000000

viscometry

Mw
Mv

15000-1000000

vapour phase osmometry

Mn

up to 25000

MWD

up to 5000000

end group analysis

size exclusion chromatography

up to 25000

Abs
Abs
Abs
Abs
Abs
Rel
Rel

Viscometry is based on the principle that the viscosity of a polymer solution increases
with concentration due to increasing entanglement of polymer chains. Specific viscosity
(r|sp) is determined over a range of concentrations by measuring the time for a

specified volume of solution to flow through a length of capillary tubing relative to th
time taken by pure solvent. Intrinsic viscosity (T|) is determined by extrapolating to
the plot of r|sp/concentration versus concentration. Average molecular weight (Mv) is
determined by the Mark-Houwink-Sakurada equation where k and a are constants
which are known7 for a wide range of polymers for determinations in specific solvents
and at given temperatures.2

[T|] = /f(Mv) a Equation 1-3

Although viscometry provides absolute measurement of molecular weight with
inexpensive equipment, it only provides an average value. These determinations are
also limited to polymers for which the values of /rand a are defined.

SEC is a form of liquid chromatography which utilises one or more columns packed

with semi-rigid beads of defined pore size. Fractionation is achieved by steric exclusio

8
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mechanisms, i.e. w h e n a dilute polymer solution is passed through the column, the
size of the polymer molecules determines their residence time in the column. Smaller

molecules penetrate further into the pores of the column packing material and will have
a longer path length through the column. Larger molecules are excluded from the
pores and therefore elute earlier.8 Continuous detection of the polymer concentration
the emerging solvent is used to produce a molecular weight distribution curve. A range
of detectors are available including refractometers, UV absorbance, IR absorbance,
viscometers and low-angle light scattering.

Strictly speaking, SEC is not a molecular weight fractionation technique, as polymer
molecules are separated by volume rather than mass. Different species of the same
molecular weight usually have different hydrodynamic volumes and the conformation of
a dissolved molecule may vary with solution conditions (e.g. temperature, solvent).4
The key to the technique is correlation of retention time with molecular weight via a
calibration procedure. This allows the conversion of the SEC chromatogram to a
molecular weight distribution curve. Calibration is traditionally achieved with a set
well characterised, narrow molecular weight standards of similar composition to the
sample. Difficulties arise, however, when suitable standards are unavailable, in which
case calibration is often performed with polystyrene standards which may be
structurally unrelated to the polymeric sample.

Acknowledgment of these calibration issues led to the development of universal
calibration procedures whereby retention times (Vr) are correlated to molar mass (M)
by the relationship of hydrodynamic volume (Vn) to intrinsic viscosity (TJ).5,9

Vn = h ] M

Equation 1-4
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A s [rj]M is independent of the identity of the polymer type,2 standardised samples m a y
be used to obtain universal calibration curves by plotting log([r|]M) against Vr for a
given solvent at a fixed temperature.5 Since intrinsic viscosity is related to molecular
mass through the Mark-Houwink relationship (Equation 1-3), knowledge of the two
coefficients k and a is required to determine molecular weight using this method.
These parameters are only known accurately for a few polymers, although online
viscometric detection allows their experimental determination.9

The entropically-controlled SEC process can also be disturbed by the occurrence of
enthalpy-driven processes such as liquid-liquid partitioning and adsorption
mechanisms. These processes are difficult to detect yet may cause significant
disturbance of the SEC experiment.9 Further, departures from linearity have been
noted due to variations of hydrodynamic volumes with monomer proportions,10 solution
conformation and solvation properties,11 particularly with at low molecular weights.

1.2 Polyesters and Paints
The polymeric samples used in this study are those which are the major constituents of
polyester paints used as protective coatings for sheet metal products. A representative
class of such polyesters has been examined, including those used in commercial
products. Polyesters are defined as polymers which contain recurring -CO-O- groups
in the main chain;1 they have a wide range of commercial uses as shown in Table 1-3.

Synthesis of polyesters is achieved by direct esterification, at elevated temperatures,
of di- or polyfunctional monomers containing carboxyl and hydroxyi endgroups. For the
production of linear polyesters, difunctional monomers are used. Small amounts of comonomer with functionality greater than 2 are also incorporated when some degree of

10
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branching is required. Examples of these condensation reactions are shown in
Scheme 1-1.

Table 1-3: Some common polyesters and their uses.

Polyester Name/Class

Commercial Product

poly(ethylene terephthalate)

fibres, films and plastics

poly(butylene terephthalate)

engineering plastic

alkyd resins

old fashioned oil-based paints
glass fibre reinforced thermosets

unsaturated polyesters

engineering plastic

polycarbonate

n COOH- R,— COOH
diacid

m OH-R2-OH

+

OH
I
OH-R3-OH

diol triol

3hfeO

44-0

xl-feO

o

HOOC-Rr COO-Rg-ooe ^ - COO-R 2 'OH

c a
OCrRi - R-.

Linear Structure

p

f

o
R2

.co
'O-C-RT

o
Cyclic Structure

v/^o- R2- c o o - Rr coo- R3- o o e ^ - c o o - Ffe- o ^

9

9°
COQ/v
Branched Structure

Scheme

1-1: Esterification reactions in the synthesis of linear and branched polyesters.
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Polyester syntheses are often carried out under bulk polymerisation conditions, where
the monomers and the polyester are in the molten state in the absence of solvents.
These high temperature condensation reactions are usually conducted in an inert
atmosphere to prevent thermo-oxidative degradation. The absence of solvents in bulk
polymerisation procedures provides advantages of experimental simplicity, higher
purity and higher throughput for the equipment, and also reduces pollution and waste
issues. However, disadvantages of this experimental regime include high energy
consumption, longer synthesis times and the requirement of high thermal stability for
both monomer reactants and polymer products. Since esterification is a reversible

reaction, evolved water is removed during the synthesis in order to drive the reaction

completion. In the later stages of the reaction, removal of water can become a limitin
step due to high viscosity of the melt. This can be remedied, however, by application
vacuum conditions, higher stirring rates or the addition of a small amount of solvent
which forms a low boiling point azeotrope with water.12

Since polymerisation is a random process, polyesters are synthesised with a
distribution of chain lengths. Careful selection of monomer proportions and reaction
monitoring is necessary to produce polyester resins with desired properties such as
average molecular weight, end group functionality and degree of branching. There are,
however, a number of disruptive effects which can also influence the final properties
the resin. At high temperatures, loss of volatile monomeric species may alter the
stoichiometry of the reactions. Side reactions such as thermo-oxidative degradation
may also occur, and chain scission may compete with growing-chain reactions or
change the nature of end groups.13 This can be reduced by reaction in an inert
atmosphere and/or the use of catalysis to lower the reaction temperature and lessen
the reaction time.12
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Intramolecular condensation (between two terminal groups of the s a m e molecule) and
exchange reactions (between terminal groups and inter-unit linkage on the same
molecule) lead to the formation of cyclic oligomers in linear polyesters. Formation of
these cyclic species always occurs,14"15 however, the extent of these reactions is
largely dependent on the chemical structure of the monomeric units.13 Thermal
decomposition can also lead to the formation of cyclic species.15 Cyclic species will
also be more volatile as they usually have fairly low molecular weights. Large
quantities of cyclic species will limit the molecular weight and alter the final properties
of the polyester. Effectively, cyclics will have a plasticising influence in paint coatings,
since they lack endgroups and are unable to form bonds with the crosslinker during the
curing process.

1.2.1 Polyester Paints
Polyesters are widely used in paint formulations, in which low molecular weight resins
are crosslinked in a curing process to form high molecular weight thermoset coatings.
Several classes of polyester resins are used in paint applications. Alkyds are widely
used in 'air drying' or 'oil based' paints; these polyesters are based on monomers with
fatty side chains which undergo oxidative crosslinking reactions on exposure to air.
Unsaturated polyesters are crosslinked via free radical-induced addition reactions of
their double bonds with vinyl type monomers such as styrene. Saturated polyesters
undergo condensation reactions during crosslinking with amino resins or isocyanate
crosslinkers. The following discussion is limited to the saturated polyester paint
formulations since they were of concern in this thesis.

Saturated polyesters are preferred in paint coatings because of their high durability,
weathering resistance, colour and gloss retention, low toxicity and exceptional physical
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properties. A wide variety of cheap and plentiful intermediates allows molecular
engineering of polyester resins to provide properties specifically designed to suit the
requirements of the application.17 For example, higher degrees of branching and
crosslinking will provide hard final products with high impact resistance. In contrast,
using monomers with longer chain lengths imparts greater flexibility and polyols with no
hydrogens in the (3 position to the hydroxyi group result in greater chemical
resistance.18 Table 1-4 summarises a range of polyester and crosslinker combinations
that have been utilised for specific applications.

Table 1-4: Saturated polyester paint resins and their applications (adapted from ref™).
Basic Structure

Class

Molecular
weight

Crosslinking Agent

Applications

linear, high 10000- melamine resins, coil/can coating,
benzoguanamine
flexible packaging,
molecular mass
30000
resins
printing inks
HO^^^'v-'OH linear, low 1000- melamine resins, coil/can coating,
molecular mass
7000
blocked isocyanate
automotive/industrial
resins
paints
HO^H'^OH branched, low 1000- melamine resins, coil coating,
$
molecular
5000
free/blocked
automotive/industrial
OH
mass, hydroxy
polyisocyanate resins paints, polyurethane
functional
powder coatings
I-KXXVV'^COOH branched, low 1000- triglycidiisocyanurate powder coatings,
COOH
molecular mass,
5000
, epoxy resins,
waterbourne paints
carboxyfunctional
melamine resins
HO<^WWV^OH

1.2.2 Polyester Coil Coatings
Steel is a widely used engineering material which, despite its structural strength, is
vulnerable to corrosion via redox reactions involving oxygen and water in the
atmosphere. Sheet steel is produced for a variety of applications including building
materials (e.g. roofs, fences, gutters and wall cladding), appliance casings (e.g.
fridges, washing machines and toasters), and automobile parts. Sheet metal is
produced from steel slabs by successive hot and cold rolling operations which reduce
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its dimensions from approximately seven metres long, three metres wide and
30 centimetres high into a continuous strip hundreds of metres long and less than one
millimetre thick (referred to as a coil due to its method of storage). Zinc or
zinc/aluminium alloy coatings are then applied to the steel substrate to prevent
corrosion via sacrificial, cathodic protection.

In the final stages of production, organic coatings may be applied to the metal strip to
provide further protection by isolating it from corrosive elements in the environment
such as moisture, oxygen and chemical pollutants. To ensure an effective barrier, the
paint coatings must adhere well to the substrate, possess adequate flexibility to
prevent cracking or peeling, and be resistant to environmental effects such as
photodegradation and hydrolysis. Besides this protective role, coil coatings also serve
an aesthetic role, enhancing the appearance of the metal product with a painted finish.

Polyester paints are currently the most commonly used resin systems for application to
sheet metal in a continuous process known as coil coating.17 These cost-effective
formulations possess appropriate application properties, adhere well to metal, are
resistant to photodegradation, and provide a good balance between hardness and

elasticity. In its uncured state, the low viscosity liquid paint is applied to the meta
as it passes through a series of roll coaters. The metal strip then passes through a

series of ovens which heat the strip to 200-250°C, driving off the solvent and initiatin
curing reactions between the polyester resin and the crosslinker.

Polyester coil coating formulations contain a number of components, listed in
Table 1-5. Solvents are the largest components and are incorporated to achieve the
correct viscosity required for application. The solvents are removed during the curing
process. The resin and crosslinker comprise what is generally referred to as the
'binder'. On curing these two components react to produce a high molecular weight
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network polymer. Pigment particles are interspersed in the resin and cross-linker to
impart opacity and colour to the coating. Additives vary according to the specific
formulation, and typically include silica flatting agents used to adjust the gloss of the
coating, light stabilisers which minimise the effects of photo-oxidation, and curing
agents which catalyse the curing process, as well as levelling, wetting, antifloating,
antiflooding and dispersion agents.19

Table 1-5: Typical components of polyester coil coating and their relative proportions pr
application.
Component Typical proportion in
polyester resin
crosslinker
pigments
solvents
additives

uncured paint (%)
20
5
20
50
5

Polyester coil coating formulations are c o m m o n l y crosslinked with either melamine
resins or polyisocyanates. Polyisocyanates provide slightly superior flexibility and
weather resistance, however, they are more costly than melamines and concerns over
the health risks associated with isocyanate products have limited their applications.17
Melamine crosslinked polyesters produce a more economical product with a good
balance of properties.16 Some monomers used in the synthesis of polyester resins for
coil coating applications are shown in Figure 1 -2.
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Figure 1-2: Dicarboxylic acid and hydroxy functional monomers used in the synthesis o
polyester paint resins.
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1.2.2(a) M e l a m i n e Crosslinkers
Melamine resins, also known as aminoplasts, are widely used as crosslinkers for
polyester coil coatings. These methylol derivatives of melamine are usually blocked
etherifcation with alcohols to prevent premature reaction with the polyesters prior

application of the wet paint. Methylated and butylated resins are both used, although
butylated melamine formaldehyde is often preferred due to greater compatibility with
hydrocarbon solvents.1 The general formula for a melamine crosslinker is shown in

Figure 1-3. Each triazine ring has six functional groups which may be imino, methylol
or alkoxymethyl. The ratio of these groups (known as the combining ratio) is
dependent on the extent of reaction at each of the three stages of conversion from
melamine. The type and amount of these functional groups have a significant impact
on the final properties of the polyester paint coating.20

R = H (imino)
or C h 2 0 H (methylol)
or CH20R' (alkoxymethyl)
^

^

N
R

R

Figure 1-3: Generalised structure of amino resin.

Aminoplast resins also readily undergo two different self-condensation reactions
(during synthesis and cure), forming methylene and methylene ether bridges. Self-

condensation has the most significant impact on formulation and coating properties

high degree of polymerisation (DP) raises the resin viscosity requiring solvent di
by as much as 50%, whereas monomeric resins may be used in the 100% solid form.

This has the effect of raising the volatile organic component of the paint formula
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significant health and safety issue at present. The amino resin D P also impacts on
cure response and coating properties. Higher DP resins are more reactive and
therefore will require less (or weaker) catalysts and shorter curing time. They also
produce coatings with good hardness but reduced flexibility.20 The great structural
variety of melamine resins with regard to the nature of functional groups and degree of

self polymerisation is the key to their versatility, since these properties can be tailo
to suit specific applications. The complexity of these mixtures, however, renders their
analysis a difficult task. A recent report of LC/MS characterisation identified twenty
monomeric and thirteen dimeric compounds in melamine resins.21

Sulphonic acid catalysts are used in conjunction with blocked amino resins to
accelerate de-blocking under cure conditions; these acids are also used in blocked
form such as ammonium salts. Melamine crosslinkers are usually mixed with polyester

resins at ratios of between 90:10 to 70:30 (resin to crosslinker). High molecular weight
polyesters react at temperatures above 190°C, low molecular weight linear polyesters
above 160°C, and branched polyesters above 100°C16. The curing process, shown in
Scheme 1-2, involves formation of a resonance stabilised carbonium ion in the deblocking process, which then reacts with polyester end groups to form crosslinks
between polyester chains. Crosslinking reactions with hydroxyi end groups have a
lower activation energy and are also less susceptible to hydrolysis than those with
carboxyl end groups. For this reason, polyester resins used in melamine crosslinked
formulations are usually synthesised to contain an excess of hydroxyi functionalities.
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Scheme 1-2: Crosslinking reactions between melamine formaldehyde and polyester endgroup

1.2.2(b) Isocyanate Crosslinkers

Paints based on polyester resins and isocyanate crosslinkers are often referred to as

polyurethanes. Polyurethane formulations used for coil coatings utilise polyisocyanat
that are blocked with agents such as phenol, butanone, oxime, e-caprolactam or
dimethylmalonate, which are readily removed by application of heat. Incorporation of

these blocking groups allows storage of the polyester/crosslinker mixture, known as a
'one-pack' system as opposed to a 'two-pack' system, where the resin/crosslinker
system must be used immediately on mixing. Commonly used polyisocyanates include
toluene diisocyanate, hexamethylene diisocyanate, methylenedienyl diisocyanate and
1,1-methylenebis(4-iscyanato)cyclohexane. (Structures shown in Figure 1-4)22
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Diisocyanates undergo reactions with the hydroxy terminal groups on polyesters fo
form urethane linkages.1 Curing temperatures vary from 120 - 220°C depending on the
blocking group. These temperatures can be lowered considerably by using catalysts

such as dibutyl tin dilaurate.23 Diisocyanates also undergo self-condensation reactions

and trimerise to form stable isocyanurate ring structures. For example, the trimerisati
reaction of toluene diisocyanate shown in Scheme 1-3 also occurs in the other species
of diisocyanate shown in Figure 1-4. For health and safety reasons, diisocyanates are
usually used in the trimeric rather than monomeric form, which is highly toxic and has
higher vapour pressures. Furthermore, trimers also promote a higher degree of
crosslinking in the cured coating.1
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Figure 1-4: Structures of isocyanate crosslinkers used in coil coating formulations.
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1.3 Mass Spectrometry of Polymers
M a s s spectrometry involves the detection of gas-phase ions according to their massto-charge ratios. A s most polymeric materials are high molecular weight, involatile
substances, they do not naturally lend themselves to analysis by m a s s spectrometric
techniques. M a s s spectrometry has the potential to complement classical techniques,
and due to its intrinsic sensitivity can provide absolute m a s s measurements, resolve
individual oligomeric species and provide direct molecular weight distributions without
the need for specific standards. Classical techniques usually only provide average
measurements; they do not distinguish individual oligomers and often do not describe
molecular weight distributions.24

The first step in analysis of polymers by mass spectrometry is conversion of the
sample from a condensed state into ionised, gaseous species. There are two general
approaches to this issue: indirect analysis in which the polymer is converted to the gas
phase prior to the ionisation step, usually by degradation into subunits, or direct mass
spectrometric analysis in which intact polymers are ionised.

1.3.1 Mass Spectrometry of Polymers - Indirect Techniques
Until recently, the direct analysis of polymers w a s not possible due to volatility
requirements and m a s s limitations of traditional m a s s spectrometric instruments.25
Thus thermal pretreatment of polymers w a s widely used to produce low molecular
weight, volatile fragments, amenable to analysis by electron (El) or chemical (Cl)
ionisation m a s s spectrometry. This m a y be achieved in several ways: gaseous
degradation products m a y be supplied directly to the ionisation source via direct
pyrolysis m a s s spectrometry (DP/MS) or alternatively, m a s s spectrometers can be
used to detect volatile products formed during thermal gravimetric analysis (TGA/MS)
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or pyrolysis gas chromatography (py-GC/MS). These evolved gas techniques have
been used extensively to determine residual volatiles, volatile additives and
degradation products of polymeric samples on heating. Information on bulk properties
such as sequence distribution and molecular weight, however, is not obtained with
these degradative techniques.

The most simple of these techniques, DP/MS involves direct heating of the polymer in
a sample probe which is placed directly into the ion source of an electron ionisation
mass spectrometer. In this case pyrolysis occurs in high vacuum at close proximity to
the electron beam, so degradation products are rapidly ionised with little further
interaction.26 DP/MS spectra, however, can be exceedingly complex due to the
detection of degradation products mixed with fragments formed on ionisation.27 One
means of simplification is the introduction of a separation step between pyrolysis and
ionisation by coupling with gas chromatography (Py-GC/MS).28 Pyrolysis occurs in the
injection port of the GC, the pyrolysis products are separated on the GC capillary
column and individual El spectra are obtained for each degradation product. One
difficulty with this technique is that volatile products and secondary degradation
reactions may condense in the injection port of the GC.

Pyrolysis MS techniques have been used most extensively to study thermal
degradation mechanisms in a range of polymers including polyesters.27'29 Other areas
of pyrolysis MS application include the qualitative and quantitative identification of
Of) OH OO

unknown polymers,

materials characterisation

and investigation of polymer

chemical structures such as the study of sequence distributions, tacticity and
branching.33 Pyrolysis techniques offer advantages such as greater sensitivity and
simplicity of sample preparation over the more commonly used classical techniques
such as IR and NMR, which is of most benefit in the investigation of intractable
samples or when the sample is limited (eg. in forensic applications).30,34
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Pyrolysis M S has long been combined with the in-situ derivatisation of pyrolysis
products to encourage the formation and detection of larger fragments, providing more
diagnostic information. For example, simultaneous pyrolysis methylation (SPM) is one
such technique which involves pyrolysis of the sample in the presence of a small
amount of methylating reagent (tetramethyl ammonium hydroxide) and detection by
GC/MS. SPM has been successfully applied to a large number of polymers including
paint components such as polyesters, phenolic resins, alkyd resins, epoxy modifiers,
and additives such as UV absorbers.34"36 Enhanced structural information was obtained
by the production of methylesters and methylethers from polar pyrolysis products,
rather than low molecular weight aldehydes, alkenes and alkanes which are usually
detected under conventional conditions. Derivatisation also reduces the propensity of
polar pyrolysis products to condense in the injection system.

Another method of in-situ derivatisation developed in the early 1980s involves the
application of the polymer directly to a potassium thermionic emitter which is rapidly
heated in the ionisation source. Simultaneous evolution of polymer species and K+ ions

gives rise to ionisation via the formation of potassium adducts. Described as potassium
ionisation of desorbed species (K+IDS), this technique has allowed the detection of
both intact polymer molecules and thermal degradation products.37 K+IDS has been
used to study thermal degradation mechanisms in high molecular weight polymers
such as cyanomethylmethylsilicone, polyvinylpyrrolidone and polyesters. Careful
monitoring of heating conditions has also allowed identification of molecular species
poly(ethyleneglycol) and poly(propyleneglycol). Calculations of average molecular
weight from these spectra, however, are difficult due to variations of oligomer
distributions with heating.37 Acrylic and polyurethane paint components have also been
analysed to determine the degree of alkylation end group functionalities and
identification of contaminants.38'39 This information has been used to correlate
molecular structures with final product performance in a variety of paint systems.
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M a s s spectrometry has been coupled with thermogravimetric techniques (TGA/MS)
and TGA/GC/MS40 to enable the identification of volatile species evolved during
measurement of weight loss as a function of temperature. These qualitative and
quantitative measurements of volatile products are valuable for the study of thermal
degradation mechanisms.

1.3.2 Mass Spectrometry of Polymers - Direct Techniques

The principal difficulty of techniques which employ vaporisation prior to ionisation is th
occurrence of fragmentation during vaporisation and ionisation. These intense
fragment ions often obscure intact molecular ions and preclude the calculation of
molecular weight data.41 Direct ionisation techniques convert condensed polymer
molecules to intact ionised molecules in the gas phase. Direct measurements of
polymeric samples have traditionally presented a number of difficulties due to the
involatile and thermally labile nature of polymers. These limitations have been
overcome in recent years with the introduction of a range of ionisation techniques
capable of ionising involatile molecules directly.

A wealth of information on polymer bulk properties can be gained from their direct
analysis by mass spectrometry. If the technique is sufficiently gentle so as to not cause
fragmentation during the ionisation process, molecular weight distributions may be
calculated using Equations 1-1 and 1-2, assuming that peak height or area is
proportional to the molar abundance of each of the polymeric species. Accurate
determination of average molecular weight, however, requires not only mass accuracy
for individual oligomers, but also that the instrument response is independent of
molecular weight. Mass discrimination must not occur during ionisation, transfer of ions
to the mass analyser, mass analysis or detection of the polymeric ions.42 For
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copolymers and terpolymers, in addition to the molecular weight distribution there is a
sequence distribution resulting from varying combinations of the different m o n o m e r
units. Determination of this range of sequences is important in characterisation of
these materials as they have a significant impact on the properties of the polymer.43
Direct techniques which enable the identification of molecular species can also yield
compositional information on the sequence distribution of a polymer sample.

In addition, mass analysis and detection of intact polymer molecules present a number
of difficulties due to the higher masses of these ions. In the case of magnetic sector
instruments, the range of the m a s s analysers can be a limiting factor (typically
m/z 4000 - 8000 at full accelerating voltage). Detection of high m a s s ions can also
present difficulties due to decreasing detection efficiencies at high masses. A s larger
ions have lower velocities, they produce fewer electrons on impact on the first dynode
of an electron multiplier, leading to lower signals or complete lack of detection for high
m a s s ions.44

1.3.2(a) Field Desorption Mass Spectrometry (FD-MS)
Field Desorption M a s s Spectrometry (FD-MS) is a soft ionisation technique in which
ionisation occurs due to the action of the intense electric fields generated at the tips of
fine dendrites grown on the surface of an emitter. Molecular ions, as well as protonated
and cationised species, are desorbed from samples deposited directly on the surface
of the emitter. This technique has been successfully and widely used for the direct
analysis of polymers,45"49 with little evidence of fragmentation. F D spectra of masses
up to 12000 D a have been recorded for polystyrene and the average molecular
weights agree with classical techniques.50 F D w a s found to provide superior
information compared to a range of other desorption ionisation techniques, allowing
flexibility in the control of ionisation conditions and the absence of matrix interactions.41
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Emitter preparation for FD, however, is rather difficult and time consuming, and
considerable expertise is required to determine optimum conditions and to obtain
reproducible results.25,51 For this reason a limited number of applications have been
reported and it has largely fallen out of use, except in laboratories where it has a
dedicated application.

1.3.2(b) Secondary Ion Mass Spectrometry (SIMS)
In Secondary Ion Mass Spectrometry (SIMS), ionisation is achieved by bombarding the
surface of a sample with a primary ion b e a m which sputters secondary ions from the
surface of the sample. Coupling S I M S with sensitive time-of-flight m a s s analysers and
detection systems has allowed a reduction in the primary ion currents, thereby
reducing the occurrence of fragmentation and allowing the detection of m u c h larger
polymer ions.52"53 Although analysis is best achieved with monolayers deposited on a
metal substrate, studies have also been conducted on bulk polymer surfaces and thin
films.54

SIMS spectra of polymeric material are described as having three distinct regions: the
fingerprint region where characteristic low m a s s (<300 Da) ions of one or two
monomers are observed, the fragmentation region where ions consisting of multiple
monomers without endgroups are observed, and the oligomer region where intact
oligomers with both endgroups are observed if the sample is within the accessible
range (<10000 Da). For thin layers (often monolayers) deposited onto metal surfaces,
polymer ions are generally desorbed as neutral species and ionisation is achieved by
attachment of cations from the substrate. This does not occur in the analysis of thick
films and therefore surface analysis and surface imaging are restricted to the
observation of fragment ions in the fingerprint region.55
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S I M S analysis of polymeric monolayers on metal substrates has provided information
on their oligomeric components. Intact molecular ions are ionised with decreasing
efficiencies as polymer molecular weight increases, however, fragment ions and
analysis of low molecular weight contaminants and additives can still provide valuable
chemical information.54 Ion fragmentation mechanisms have been studied for a range
of polymers including polydimethylsiloxanes56 and several polystyrenes.57 In a study of
the effect of terminal groups and molecular weight on fragmentation of
poly(ethyleneglycol)s ranging from 400 to 100000 Da, it was found that cleavage of the
terminal groups did not occur for PEGs with molecular weights less than 4000.58
Fragmentation can also be used for polymer identification and to determine structural
information such as identification and composition of repeat units,52,55 and to
distinguish differences in stereoregularity.59 Metal-polymer interfaces in adhesion
related areas, paints, adhesives and metal pretreatment have also been subject to
characterisation using SIMS fragments.53

Although typically accompanied by considerable fragmentation, SIMS spectra have
been used to determine the molecular weights of low mass samples such as
perfluoroalkyl-terminated polymers with average molecular weights around 1000 Da.
These values were found to agree well with SEC data.60 End group functionalisation
was quantified and average molecular weights determined for polystyrene.61

SIMS has been used extensively for the analysis of polymeric surfaces.62 SIMS also

allows the analysis of the outermost (10-20 A) layers of solid materials, which is idea
suited to the identification and determination of relative surface concentrations of
additives, contaminants and surface treatments.63 Surface imaging is possible by

rastering the beam across the sample to determine the lateral distribution of secondary
ion species emitted,55 and depth profiling of polymers has also been reported.64 Recent
applications of SIMS to surface analysis include the quantitative surface analysis of
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differentiation of

polystyrene surface treatments66 and characterisation of surface segregation in various
poly(styrene-p-isoprenes).67

Difficulties concerning signal instability are experienced with SIMS due to charge
accumulation on insulator surfaces and while there a number of strategies to
compensate for this effect, none are completely satisfactory.52

1.3.2(c) Fast Atom Bombardment (FAB)
Fast Atom Bombardment (FAB) is a variation on S I M S in which the sample, suspended
in a low volatility liquid matrix, is bombarded with neutral Xenon atoms. Since the
sample is presented in a liquid medium, problems of radiation d a m a g e are minimised
and stable ion production can be achieved.50 Furthermore, bombardment with neutral
atoms w a s thought to be an advantage as it was designed to overcome problems of
sample charging commonly experienced with SIMS. F A B ions are typically formed by
proton attachment or loss and molecular ions predominate over fragments. In practice,
however, it appears that the use of the liquid matrix w a s the key advance with this
technique as both atom and ion b e a m s have been shown to yield comparable results.

Development of FAB has been driven by biomolecular applications, although a number
of polymer applications have also been reported. Mixtures of cyclic and linear
oligomers have been detected in nylon 6, nylon 6,6 and several polyesters.68 There
has been s o m e degree of disagreement concerning the origin of low m a s s oligomeric
ions detected in polymeric samples. Schulten et al.69 have suggested that these
oligomeric species arise from fragmentation during the ionisation process, whilst
Montaudo et al.68 have attributed these species to selective desorption of preformed
oligomers present in the sample from side reactions during synthesis, suggesting that
F A B does not yield significant fragmentation peaks for polymers. Analysis of these
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preformed oligomers, however, has yielded structurally informative data concerning
sequences of various copolyesters and polyamides.68,70"71 The use of partial
degradation (e.g. by hydrolysis, ammonolysis, photolysis, microbial methanolysis or
pyrolysis) of polyesters of synthetic and microbial72 origins in combination with F A B
analysis has also provided enhanced structural information on the sequence
arrangements of condensation polymers with large co-monomer subunits, which is
difficult to achieve by N M R . 7 3

In the characterisation of derivatised and underivatised poly(ethyleneglycol)s,
protonated molecular ions formed by F A B have been used to determine molecular
weight distributions and average molecular weights which were highly reproducible and
in good agreement with those determined by rheological measurements. The masses
of these samples, however, were all under 1000 Da. 74 The low molecular weight limit,
requirements of sample solubility in a limited range of liquid matrices, and occurrence
of matrix interference and matrix-sample interactions41 have limited the number of
recent polymer applications using the F A B technique.

1.3.2(d) Electrospray and Matrix-assisted Laser Desorption Ionisation
The direct analysis of polymers by m a s s spectrometry entered a n e w phase with the
introduction of commercial electrospray ionisation (ESI) and matrix-assisted laser
desorption ionisation (MALDI) instruments in the late 1980s. The ability of these
techniques to produce intact molecular ions from thermally labile molecules with much
higher molecular masses than the previously available techniques has revolutionised
the analysis of biological materials, however, each technique employs significantly
different strategies to allow the ionisation and detection of high m a s s ions. A s ESI and
M A L D I represent the latest n e w developments in ionisation technology, both of these
techniques will be discussed in greater detail in the following sections.
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1.4 Electrospray Mass Spectrometry

1.4.1 Historical Perspective
The first experiments in electrospray ionisation were carried out by Dole et al. in
1968,75 however, it was not until these experiments were repeated and modified in
1984 simultaneously by Yarmshita and Fenn76 and Aleksandrov et al.77'78 that the full

potential of the electrospray ionisation technique was realised for the analysis of high
molecular weight molecules.

Early experiments by Dole75 aimed to produce macroions from dilute solutions of
polystyrene in benzene:acetone mixtures by electrospraying solutions into a bath gas
of nitrogen at atmospheric pressure. According to Dole's theory, as the solvent
evaporated from the charged droplets, the surface-charge density would increase up to
the Rayleigh limit where coulombic repulsive forces become greater than the surface
tension. The resulting instability was thought to cause the droplet to explode into an
array of smaller droplets which in turn also evaporate and explode. If the original

solution was sufficiently dilute, this series of 'coulombic explosions' repeated until t
average droplet contained only one solute molecule from which solvent evaporation
would leave a charged residue. This dispersion of macroions was expanded in a
supersonic jet to produce a molecular beam in the vacuum region of the apparatus.
Since the masses of these macroions were too large for detection by the available
mass analysers of this era, Dole relied on energy analysis using a series of retarding
grids and a Faraday cup detector for mass determination. These measurements led
Dole to believe that he had indeed produced molecular ions from solutions of
polystyrene with average molecular weights of 51000 and 411000 Da. Both singlycharged molecules and clusters of up to 7 molecules bearing from one to six charges
were detected. These experiments were successfully repeated by Fenn et al., however
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both groups ceased to use the technique due to difficulties in m a s s measurement of
these large ions.79

It was some 15 years later that the need to convert non-volatile species into gas ph
molecules for infrared spectroscopic studies and the growing demand to interface

mass spectrometry with liquid chromatography rekindled the interest of Yamjshita and
Fenn76 in the electrospray technique. In order to study the processes of droplet
division, further experiments were conducted with considerably smaller molecules to

allow analysis of the ions with a quadrupole mass filter. Their studies of a range o
molecular weight organic species demonstrated the production of singly-charged
species with no fragmentation and provided evidence against Dole's initial Charged

Residue mechanism of ion formation. The various theories relating to ion formation a
discussed with greater detail in Section 1.4.2(c).

During this time Aleksandrov et al.77 independently conducted investigations into the

online coupling of ESI-MS with liquid chromatography.78 This work was different to th
of Fenn ef al., in that these experiments were conducted on a magnetic sector
instrument. Further applications of ESI-MS to oligosaccharides,80 peptides81 and
sequence determination using chemical digestion techniques82 were also

demonstrated. Despite their contributions during these early stages of the developme
of the technique, it is the work of Fenn et al. that has been largely credited with
resurgence of interest in ESI-MS.

Further studies by the Fenn group83 focused on the production of multiply-charged
poly(ethyleneglycol) ions with average molecular weights ranging from 200 up to
17500 Da. These studies demonstrated the production of ions bearing up to 23
charges by attachment of sodium cations, thus extending the range of accessible

molecular weights to 20000 Da on a mass analyser with an upper limit of 1500 m/z. It
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w a s their subsequent applications of electrospray to proteins of 5000 to 76000 D a
presented in 1988, however, that triggered an enthusiastic response from the mass
spectrometry community.51 In the following years, a host of applications of ESI-MS to
proteins and other biomolecules by m a n y different researchers have appeared in the
literature. Successful coupling to capillary electrophoresis, liquid chromatography,
mass analysis by Fourier transform ion cyclotron resonance and tandem mass
spectrometry with triple quadrupole instruments have since been demonstrated. The
first commercial electrospray m a s s spectrometers became available in the late 1980s
and the technique has rapidly become an extremely valuable analytical tool that is said
to have "revolutionised the mass spectrometry of high mass biological molecules."84

1.4.2 Principles of Operation
The basis of electrospray ionisation is that ions are formed directly from solution due to
the formation of a charged aerosol, and desolvation of the aerosol droplets occurs in a
bath gas at atmospheric pressure. The supersonic jet formed on expansion of this gas
into a low pressure region is sampled to produce a b e a m of ions for m a s s analysis and
detection.

1.4.2(a) Instrument Design
The electrospray source typically consists of three different pressure regions, as
shown schematically in Figure 1-5. With conventional electrospray, the capillary
delivers dilute sample solutions into the atmospheric pressure region of the source at
low flow rates ranging from 1 to 40 ulmin"1 (significantly lower flow rates have been
achieved with micro or nanospray).85 A n electric field is generated at the capillary tip by
application of a large potential difference between the capillary and the counter
electrode (3 to 6 kV). This charges the surface of the emerging liquid, causing it to
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assume a conical formation known as a 'Taylor Cone'

as positive or negative ions

(depending on the capillary bias) in the solution are attracted toward the counter

electrode. A fine mist of highly charged droplets emerges from the tip of this cone

Slight heating of the ionisation source can modify solution viscosity and surface
tension and has been found to be useful for electrospraying with aqueous solvents.
Heating and gas nebulisation have also been used to accommodate higher liquid flow
rates encountered when coupling ESI-MS with liquid chromatography. Higher flow

rates, however, can also result in a decrease both in sensitivity and the extent of
droplet charging.87

Stainless Steel Capillary
(3.3-3.5 k V )

Intermediate Pressure Region
-1 m b
Analyser Vacuum
3 x 10 "6 mb

Probe Tip

Analyte

Chicane Counter
Electrode (0.3-0.5 k V )
[HV Lens]
Skimmer 1
(Bl) [Cone]

Lens Stack

Figure 1-5: Schematic of the electrospray ionisation source.

1.4.2(b) Interface with M a s s Analyser
From the atmospheric pressure region of the source, ions pass through several small
orifices necessary for maintenance of the large pressure differential between the
atmospheric pressure ion source and the mass analyser. This configuration also

provides for the reduction of pressure in two stages.75 Passage of the ions through the
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first orifice (often referred to as a sampling cone) into the intermediate pressure region

is accompanied by the formation of a supersonic jet. This is due to the rapid expans

of gases from atmospheric pressure in this region of lower pressure (approximately 1
mbar). The second orifice, known as a skimmer, separates the intermediate pressure
region from the low pressure region of the mass analyser. This combination of
sampling cone and skimmer is commonly used for production of molecular beams with
high intensities and narrow molecular velocity distributions.76 On passing into the
pressure region, free-jet cooling also serves to minimise rotational energy of the
The ions, however, may be collisionally-activated by collisions with the background

in this intermediate pressure region. Hence, increasing the potential by which the i
are accelerated through this region can result in increased fragmentation of the
88 89

precursor ions. '

Another important property of the supersonic jet is an enhancement of large molecule
in the molecular beam produced by the nozzle-skimmer arrangement. This is referred

to as the Mach focusing factor and is directly proportional to molecular weight. Dol

highlighted this as a possible mechanism of increasing the concentration of macroion
in the jet,75 however it could also be a source of some mass discrimination in the
analysis of mixtures such as polymeric samples.

Supersonic jets are usually accompanied by the formation of shock waves (Mach disk

and barrel shock), due to collisions with the surrounding gas molecules. The positio
the Mach disk is dependent on the relative positions of the sampling and skimmer
cones and the pressure in the expansion region. Of the various positions of these
shock waves (illustrated in Figure 1-6), the best configuration for molecular beam

sampling is when the Mach disk is attached to the skimmer cone (Figure 1-6(b)). When
the Mach disk is positioned in front of the skimmer(Figure 1-6(a)), or in the post-
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skimmer region (Figure 1-6(c)), considerable scattering of the expanding b e a m will
occur,

90

barrel shock
Mach disk
sampling
cone

skimmer

Figure 1-6: Position of shock waves in the expansion region at different intercone distance

(a) with the Mach disk positioned in front of the skimmer, (b) with the Mach disk attached to
skimmer cone and (c) with the Mach disk positioned in the post-skimmer region.90
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1.4.2(c) Ionisation T h e o r y
The mechanism by which ions are formed from charged aerosol droplets in the
electrospray source has been the subject of much debate. According to the Charged
Residue mechanism initially proposed by Dole,75 ions are formed by explosions of
charge-bearing droplets into smaller droplets. These explosions are brought about by
solvent evaporation increasing the droplet's surface-charge density above their
Rayleigh limit, that is, the point at which coulombic repulsive forces between surface
charges are greater than the cohesive forces of surface tension.91 A s more solvent
evaporates, these explosions continue until each droplet contains only one molecule
and residual charge. A schematic representation of this mechanism is shown in
Figure 1-7(a).

The Charged Residue mechanism, however, was later questioned by Fenn era/.76due
to a number of inconsistencies observed in their early electrospray experiments with
lithiated solvent clusters. Firstly, they questioned the likelihood that a combination of
charge and m a s s would exist in a droplet to produce singly-charged ions by coulomb
explosions. In addition, as the flux of analyte molecules w a s 10 to 100 times higher
than the flux of unit charges, it s e e m s unlikely that coulombic explosions could
continue until the residue contained only one molecule, even if it did retain the single
charge.76,92

It has been suggested that errors in Dole's predictions were due to two main
differences between the experiment setup he used and current electrospray sources.
Firstly, in Dole's apparatus the bath gas flow w a s concurrent to the direction of the
ions. This probably did not allow sufficient evaporation of the charged droplets and this
m a y have resulted in the production of large solvated clusters. Secondly, the detection
relied on the assumption that the macroions formed in the electrospray were all
accelerated to the s a m e velocity in the free jet expansion. H e neglected, however, to
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account for the well known slip effects which cause velocity lags for large molecules in
free jet expansions. Fenn ef al. suggested that some multiply-charged clusters may
have been accelerated to velocities which coincidently corresponded to values
calculated for singly-charged macro-ions at the carrier gas velocity.92

The Ion Evaporation Theory proposed by Iribame and Thomson93 has also been widely

regarded as a viable mechanism of ion formation in the electrospray source.51,76,92 This
theory was based on studies of ion formation from charged aerosols formed by
nebulisation, a technique known as atmospheric pressure ion evaporation (APIE). In
these experiments, charge was acquired due to statistical fluctuations of the ion
content in the small volume of the droplets on nebulisation. In APIE, nebulisation

effectively creates charged droplets, whereas with electrospray, the charge formation
process brings about nebulisation. Using estimated solvation energies, Iribarne and

Thomson calculated the field strength required for desorption of ions from the drople
surface. They demonstrated that as droplets evaporated, those within a certain size

range generated fields of sufficient strength to support ion desorption before reachi

the Rayleigh limit. So in effect, ion desorption and coulombic explosions are competi

processes in charged droplets undergoing evaporation. For ion evaporation to occur, i

must do so before the droplet reaches the Rayleigh limit, however, this is constraine
both thermodynamically and kinetically.

Fenn et al. initially attributed the mechanism of electrospray ion formation to Iriba
and Thomson's Ion Evaporation Theory. They suggested that charged droplets formed

at the capillary tip evaporate as they migrate in an electric field toward the counte

electrode. Increases in surface charge density on the droplets occur until the Raylei
limit is reached, resulting in a coulombic explosion and producing charged daughter

droplets which too evaporate and explode. This series of droplet explosions continues
until the radius of curvature of the droplets becomes small enough to produce a
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surface charge density which is of sufficient strength to desorb ions from the droplet.51
This account of the ion formation mechanism has gained wide acceptance 94
schematic representation of the Ion Evaporation mechanism is shown in Figure 1-7(b).
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Figure 1-7: Two proposed mechanisms of electrospray ion formation: (a) Dole's
Charged residue mechanism, (b) Iribarne and Thomson's ion evaporation mechanism.

Another variation on the Ion Evaporation Theory w a s suggested by Siu et al95 in the

course of their experiments regarding the correlation of ion distributions observed in
the electrospray with the distribution of charge states in solution. They conducted

studies on the importance of evaporation in electrospray ion formation, in response to
suggestions that ions were desorbing from droplets which had undergone much
evaporation and therefore would have far different solvent compositions than the bulk
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solution. These studies indicated that ions observed in the electrospray spectrum had
undergone minimal evaporation. This in turn led to the speculative suggestion that

electrospray ions desorb directly from the solution-air interface at the needle tip. T
theory is unique in that it circumvents the common thread of the two major theories,

that coulomb explosions play a major role in at least the early stages of ion formatio

Other researchers, however, disagree with the latter mechanism of ion desorption on
the basis that droplets will not become sufficiently small to permit ion desorption

without exceeding the Rayleigh limit of stability.96 Thus the droplets will continuall

disintegrate before the field strength is sufficiently strong to allow ion desorption.
Rollgen et al. have suggested that small droplets containing only one molecule are
ejected during coulomb explosions, and evaporate to give electrospray ions.

More recent studies of poly(ethyleneglycol) with molecular weights up to five million

by Fenn et al.97 have also led to the suggestion that ion formation may occur via Dole
Charged Residue model for very large molecules. Observation of different behaviour

for PEG samples with increasing chain length has led to the proposal that while smalle
oligomers behave in a manner consistent with the Ion Evaporation model, ions from
extremely large oligomers are possibly formed from droplets containing single
molecules which lose charge and solvent by coulomb ejection of tiny charged droplets.

All of the theories for electrospray ion formation that have been proposed to date
appear to be based on either Dole's Charged Residue model or Iribarne and
Thomson's Ion Evaporation Theory. Both models incorporate stages involving
instability resulting from solvent evaporation pushing charged droplets beyond their

Rayleigh limit. At this stage, although the latter theory has gained wider acceptance,

there is still no single, universally accepted, quantitative theory for the electrospr
ionisation process.99 This situation remains true, despite the rapid growth in ESI-MS
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applications over the past few years, as there have been relatively few studies to
identify the mechanisms of ESI ion formation.98

1.4.2(d) Multiple Charging
A particular feature of electrospray ionisation is the formation of multiply-charged ions,
which are usually observed for analytes with molecular weights in excess of 1000 Da. 86
This characteristic is probably due to the formation of charged droplets by electrostatic
forces.20 These multiply-charged species are usually observed as a statistical
distribution of charge states. Although the production of multiple peaks for single
components does produce more complicated spectra, there are several advantages
associated with multiply-charged distributions. Firstly, the range of the m a s s analyser
is effectively increased by a factor equal to the number of charges per ion. For
example, ions with masses up to 150000 D a have been detected using a mass
analyser with an upper limit of m/z 4000.10° Also, as each charge state is an
independent measure of molecular mass, the detection of more than one charge state
effectively increases the sampling frequency and provides more accurate mass
assignments.92 The occurrence of multiply-charged species has meant that simple
quadrupole m a s s analysers have provided sufficient range and m a s s accuracy for
most electrospray applications. O n e drawback of multiple charging, however, is that
spectra from the analysis of mixtures become more complex, and overlapping charge
distributions m a y result in ambiguity in interpretation. This is particularly significant for
the analysis of synthetic polymers, as these are intrinsically complex mixtures.

Fenn's Predictions Based on Ion Evaporation Theory
Fenn et al. carried out extensive studies using poly(ethyleneglycol) (PEG) to explore
the factors influencing multiple charging for ions produced by electrospray.92 P E G was
chosen for these studies as it is comprised of structurally similar species over a wide
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range of molecular weights. P E G readily forms ions by attachment of varying numbers
of sodium cations. It was observed that as the average molecular weight of the PEG
samples increased, so did the number of charges per oligomer. For example, for a
PEG sample with an average molecular weight of 1000 Da, predominantly singlycharged species were observed, whereas for PEG 3350, the dominant peaks were due
to 4+ ions. PEG 17500 carries 23 charges on its most abundant peak.

An electrostatic potential model was constructed to predict the maximum number of
charges for PEG oligomers over a range of molecular weights.92 These calculations
were based on the binding energies of sodium ions to oxygen groups in the PEG

chain, and electrostatic repulsion due to interaction with other charges on the cha
According to the model, the maximum number of charges on any one oligomer was

reached when forces due to electrostatic repulsion just equalled the binding energy
between sodium cations and PEG oxygen groups. Predictions of the model were
slightly higher than experimental values, which they suggested was possibly due to
Brownian motion resulting in there being less distance between PEG oxygen groups

than was calculated from the linear configuration, or to solvent interactions atten
electrostatic repulsions.

Similar calculations using the electrostatic potential model were not feasible for

proteins because the required information on structure, configuration, binding site
binding site energy is not available for these more complex molecules. It was
suggested, however, that observed m/z values may confer information concerning the
configuration of biopolymers. For example, the maximum m/z values were observed to
decrease with the number of disulphide bonds, perhaps due to the more compact
configuration increasing the electrostatic repulsion between attached charges.92
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Fenn et al. have also proposed a theory to account for the upper and lower m/z limits
and the Gaussian distribution of charges observed in multiple charge distributions.92
They suggest that these limits are due to the dependence of ion desorption rates on

the number of charges per ion and the electrostatic field at the droplet surface, bot

which increase with surface charge density. Ions with the highest m/z values have jus
sufficient charge to desorb from the surface and therefore will have relatively slow
rates of desorption and correspondingly low peak heights. As evaporation increases
the surface charge density and number of attached charges, desorption rates rise,
however this increase is kinetically limited - as the ion approaches the maximum
number of charges, the time required to acquire the charges is greater than the
residence time of the ion in the droplet. Fenn et al. did not appear to consider
instrumental or focusing effects on the observed m/z window, which is a significant

limitation for these studies, since it is shown here (see Chapter 4) that this effect
be quite significant.

Models Based on Charge Distribution Characteristics

It has been found that charge distribution profiles for proteins have a Gaussian shap
when plotted using ionic charge as the x-axis.101 These curve shapes have been

correlated with a variety of properties. For example, it has been proposed that the i
abundance profile in the ESI mass spectra could be fitted to Gaussian functions that

correlate with ionic solution equilibrium models.101 Williams and co-workers have also
found that the maximum charge states of proteins are determined by either gas phase

reactivities102"103 or charge state in solution. They have also conducted studies on th
relationship between protein ion conformation and charge state.10

As noted above, some doubt has been cast on the validity of these theories due to the
dependence of charge profiles on various instrumental parameters. The charge

distribution has been found to vary with the electrical potential applied to the spr
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shape of the capillary tip, sampling cone voltage, bath gas flow, sample flow rates,
concentration, solvent type, pH and conductivity. Of particular importance to the work
described in this thesis are studies of the influence of sampling cone potential on the
distributions of ions in ESI mass spectra. For example, it has been shown for
peptides,105 proteins99 and polymers42 that there is a shift to higher m/z ions (or lower
charge states) in ESI mass spectra on raising the sampling cone potential. This has

been attributed* to charge stripping,42 however, similar effects are noted here for singly
charged polymer distributions. This issue has been addressed in some detail in
Chapter 4.

1.4.3 Polymer Applications
As noted above, the very first experiments in ESI by Dole75 were conducted on
acetone-benzene solutions of polystyrene in an attempt to determine the molecular
weights of polymers, and later work by Fenn et al.83,97 has concentrated on analysis of
PEG samples to probe the mechanism of ESI ion production. This work also showed
that spectral congestion due to the overlap of polymeric and charge distribution
envelopes is a potential difficulty for polymer analysis by ESI-MS. Following the
application of ESI-MS for the analysis of biomolecules, interest in ESI-MS "exploded"5^
and since then the literature has been replete with a wide range of biomolecular
applications of the technique. In contrast, the next application to polymers reported
was in 1991, when Kallos et al. reported the characterisation of polyamidoamine
starburst polymers106 in the first ESI-MS study of polymers in which characterisation of
the sample was the primary aim.

M c E w e n etal.4 attribute this to charge stripping on the basis of another report by C o d y era/.180 In fact, the
C o d y report, while noting shifts in distributions, does not explicitly attribute this to charge stripping.
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Starburst polymers are synthesised in a precise fashion in order to produce
monodisperse polymer products. In this respect they are unlike more typical
polydisperse polymers which possess distributions of chain lengths. Thus complexity
due to overlapping charge and oligomeric distribution envelopes, as previously
encountered with PEG samples, was avoided in this instance. Polyamidoamine
species were observed as multiply-charged ions in charge states ranging from T to
11+; deconvolution of the data indicated that the major component was the expected
structure with a molecular weight of 10632 Da. A number of other species were also

identified as products of side reactions such as cyclisation or incomplete synthesis
Subsequently, there have been relatively few reports of ESI-MS of polymers and the

majority of these have involved polymers with molecular weights less than 2000 Da, i
which ESI mass spectra show predominantly singly- or doubly- charged species, thus

again avoiding the issue of spectral congestion associated with higher charge states
Table 1-6 provides a summary of the reports of ESI-MS of polymers to date.

The analysis of polymers by electrospray involves a number of issues which are not a

consideration with the more common biomolecular applications. The choice of solvents

will be different, with organic solvents such as tetrahydrofuran, acetone or methano

more often required to solubilise polymeric samples compared to the aqueous solvents

in which biomolecular analyses are carried out. Polymers usually lack acidic or basi

functional groups necessary for ionisation by proton attachment.107 Cation attachment
is therefore often the means by which polymers obtain a charge, by adduct formation

in solution prior to, or during ionisation. For this purpose inorganic salts are so
added to the polymer sample solution prior to analysis.
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Table 1-6: Summary

of various polymer analyses by electrospray ionisation mass spectrometry

Polymer

Mn
83,97

poly(ethyleneglycol)

Solvent

Additive

Instrumentation

2005000000

methanol/water
50:50

none

10,632

methanol/water
50:50

0.1% formic
or acetic acid

1,200

acetone

NaCH3COO

2000

tetrahydrofuran

Nal

SEC/ESI

nonylphenolethoxylate110

-600-700

methanol/water50:
50

0.1%acetic
acid

ESI, M S M S

secondary & primary alcohol
ethoxylate110

-600-700

methanol/water
50:50

0.1%acetic
acid

ESI, M S M S

NH 4 CI

ESI/FTMS

polyamidoamine
"starburst"106
i

.

108-109

polyester
octylphenoxypoly(ethoxy)ethanol 107

tetrahydrofuran/
methanol

methylacrylate/methacrylic
acid copolymer111

-800

poly(methylmethacrylate)42

5,270

methanol

none

polyesters 10

-1000

tetrahydrofuran

Nal

SEC/ESI

-400

methanol

Nal

SEC/ESI

-1000

methanol

Nal

SEC/ESI

-400- 1,600

THF/MeOH/H20
or acetone

NH 4 ClorKI

ESI, M S / M S

375-1,032

methanol/water

none

ESI

-700

THF/methanol

NaCl

ESI/FTMS

phenol-formaldehyde resin

methylacrylate/methacrylic
acid copolymer11

linear polysulphides
poly(3-nitratomethyl-3
methyloxetane)
polypropylene glycol)112

ethoxylated oligomeric
surfactants113
polypropylene glycol)114

11
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ESI-MS has been used in a number of instances to provide valuable information
concerning the structure of oligomeric components. In one study, 39 components were
distinguished in a polyethoxide surfactant.110 Sequences have been confirmed for the
highly ordered starburst polymer106 and for random copolymers such as
methylacrylate/methacrylic acid.11,111 Structural abnormalities such as cyclisation,112
incomplete synthesis106 and variations in disulfide linkages112 have also been
discovered in the course of structural investigations.

Polymer degradation behaviour has also been studied by ESI-MS. Degradation
products have been identified for nonionic surfactants in order to investigate their
biodegradability. Tandem mass spectrometry also revealed that Collision-induced
Dissociation (CID) produces similar degradation products to photocatalytic
degradation.110 Thermal degradation reactions of polysulphides and polyethers were
also monitored. All the degradation products were identified and mechanistic
degradation pathways were proposed.112

In order to calculate molecular weights directly from mass spectra with satisfactory

accuracy, one must be satisfied that mass discrimination is not occurring in any of t

processes in the mass spectrometer such as ionisation, transfer to the mass analyser,
mass analysis and detection.107 When ESI-MS has been used for direct calculations of
molecular weights of polymers, these results were found to compare well with data
from MALDI, SIMS and SEC, however, lower values obtained for FAB were attributed
to fragmentation.113 Several studies concerned with determining whether ESI causes
fragmentation in polymers found no evidence of fragmentation in poly(methyl
methacrylate) (MMA)42 or PEG97 polymers. In studies of mass discrimination in MMA,
an equal response was observed for an equimolar mixture of oligomers with 25 and 50

repeat units, provided that peak area compression was taken into account for differen
charge states.
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Concerns regarding mass discrimination in the ESI process have driven one group to

explore the direct coupling of electrospray with SEC.107 SEC is widely used by polyme

chemists for molecular weight determination, however, the accuracy of the results is

dependent on the calibration procedure (see Section 1.1.2). ESI is particularly well

suited to coupling with SEC, as both techniques require sample introduction in solu
ESI is also a continuous source which detects molecular species and, although the
majority of biochemical applications to date are based on aqueous systems, ESI is
equally applicable to many organic solvents such as those commonly used for SEC.

Simonsick and Prokai107 have demonstrated successful online coupling of SEC and
ESI-MS. Polymeric samples emerge from the SEC separated by size, those with the
smallest molecular volume emerging earlier than those with larger volumes. ESI mass
spectra continuously measured on the emerging eluent were presented in several
forms. The total ion current of each spectrum plotted against retention time gave a
typical SEC chromatogram, a broad band which indicated the elution profile of the
sample. The sum of spectra in the elution range gave an average ESI mass spectrum
for the sample. Selected ion chromatograms also provided retention times for
individual oligomers which were plotted against molecular weight to produce a

calibration curve from which average molecular weights were calculated, avoiding the
use of unrelated calibrants. As the ESI-MS requires only very small volumes of the
chromatographic eluent for analysis, conventional SEC detectors may also be used in
parallel.

The combination of SEC and ESI-MS compensates for inherent weaknesses in both
techniques. By separating the polymeric components, SEC minimises some of the

spectral congestion by reducing the interference of multiple charge states of adjace

oligomers.114 This may in future provide satisfactory resolution for higher molecular

weight, polydisperse polymers. Through identification of individual oligomers, ESI-M
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allows structural characterisation and also provides ideal calibration standards. Several
recent SEC/ESI studies highlighted difficulties associated with SEC which would
otherwise have gone undetected without use of additional ESI-MS detection. These
studies demonstrated that hydrodynamic volumes, and hence elution times of
oligomers, were influenced by proportions of aromatic monomers10 as well as solution
conformation and/or solvation properties, especially with low molecular weight
oligomers (<1000 Da) which would not have assumed random coil conformation.11

The biomolecular focus of electrospray applications is reflected in the development o
ESI commercial instrumentation and data processing facilities. Software is generally
not provided to allow calculation of polymeric parameters such as average molecular
weight and thus tedious manual manipulations are required for even the most simple
calculations. In contrast, complex algorithms are provided for the deconvolution of
multiply-charged spectra88 and peptide sequencing. The application of ESI-MS to

polymeric samples is still in its infancy,111 however, the number of applications appe
to be growing. For example, at the 1996 American Chemical Society conference for
the Division of Polymer Science, four papers were presented concerning the analysis
of synthetic polymers by ESI-MS.10,11"112"113
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1.5 Matrix Assisted Laser Desorption Mass Spectrometry
(MALDI)

1.5.1 Historical Development
The use of lasers in the ionisation of organic molecules for mass spectrometric
analyses dates back to the early 1960s. A requirement of this technique was that the
sample have resonant absorption at the laser wavelength. These early experiments,
however, only realised an upper mass limit of approximately 1000 Da for biopolymers
and 9000 Da for synthetic polymers. This limitation is believed to be due primarily to
the resonant excitation of the analyte causing photo-dissociation.115

In 1988 two independent groups reported new sample preparation methods for laser
desorption ionisation in which low concentrations of analyte are embedded in a matrix

with intrinsically high UV or IR absorption.115 Tanaka et a/.116 reported the preparation
of samples by mixing a small amount of analyte in a liquid matrix containing glycerol,
organic solvents and a finely divided metal powder. After drying, these samples were

analysed with a laser desorption time-of-flight (LD/TOF) mass spectrometer. This "ultra
fine metal plus liquid matrix" method enabled detection of organic ions up to
m/z 100000. The success of this technique in producing high molecular weight species

was attributed to the rapid heating of the sample imparted by the high photo-absorption
of the metal particles, and the low heat capacity and large surface area of the sample.

This rapid heating enhanced the volatility of organic molecules upon laser irradiation.

The technique reported by Karas and Hillenkamp43 involved dissolving the analyte in a

large excess of organic matrix (initially nicotinic acid) with a strong absorption at t
wavelength of the laser used in the desorption event. Strong protonated molecular ion
signals obtained for proteins in the mass range above 10000 Da were attributed to the
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controlled energy deposition and soft desorption. A number of matrices had been
tested previously with little success.117

Both methods produced results which shattered previous beliefs that laser desorption
had an upper mass limit of approximately 1000 Da. The major difference between the
techniques, however, was that the Karas and Hillenkamp method required much less
sample (1000 times more sensitive) and produced more intense signals with higher
signal-to-noise ratios. Consequently this method has received much more attention
than that of Tanaka et al., and the term "matrix-assisted laser desorption ionisation"
(MALDI) coined by the Hillenkamp group in 1986 (the concept was described before
the method was fully refined) has become definitive for this new technique.118

Since its inception in 1988,43 the MALDI technique has been taken up by a huge
number of researchers, to the extent that commercial instruments are now available
from at least seven different manufacturers.119 As with ESI-MS, the majority of initial
applications focused on the analysis of biological molecules, but there have now been
a large number of applications of MALDI to polymer analysis.

1.5.2 Principles of Operation
The success of the MALDI technique lies in presentation of the sample in a stronglyabsorbing solid or liquid matrix. Ideally the analyte molecules should also be
transparent to, or have only moderate absorption at the laser wavelength. In this way,

on irradiation, the matrix provides an efficient and controlled transfer of energy to th
sample molecules, which are spared from exposure to excess energy which would in
turn lead to their decomposition. The matrix also serves to separate the analyte
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molecules from each other, preventing association which m a y lead to desorption of
complexes rather than single molecular species.115

It is essential that the analyte will co-dissolve with the matrix, that the matrix do

react with the analyte, and that the matrix has an absorption coefficient at the requir

wavelength.118 It is also desirable that the matrix sublimes readily on heating. Althoug

many matrices fulfil these requirements, few will produce analyte ions and compatibil

with specific samples is still largely determined by trial and error.115 Beavis118 repor
in 1992 that although over 300 matrices had been assessed, only seven were found to
be of practical use. Structures of the three most commonly used matrices,
3,5-dimethoxy-4-hydroxycinnamic acid (or sinapinic acid), dihydroxybenzoic acid (DHB)
and cyano-4-hydroxycinnamic acid (4HCCA) are shown in Figure 1-8.120

Due to the sensitivity of the technique, only very small amounts (-1-2 pmols) of the
sample are required for application to the metal target. The sample is mixed with a
molar excess of matrix ranging from 100:1 to 50000:1 matrix to analyte.115 Enhanced
results have also been reported with sample and matrix mixtures which dry to give a
homogeneous crystalline solid.121

Laser power is also a critical parameter. It has been found that the relationship
between ion production and laser irradiation is non-linear. Beavis118 has reported the
existence of a threshold value for protein ion production below which no ions are

produced, and above which ion production rises rapidly to a plateau. Soft desorption is
achieved at, or just above, threshold values; higher laser irradiance will cause peak
broadening due to fragmentation, with a subsequent decrease in resolution.121
Selection of lasers requires only that the laser wavelength is absorbed by the matrix
and transparent to the analyte.118 Both UV and IR lasers have been used, but the most
commonly employed is a nitrogen laser with a wavelength of 337nm.
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1.5.2(a) Instrument Design
In MALDI, the laser energy is delivered to the sample in short bursts or pulses,
resulting in the production of ions in discrete packets. Either time-of-flight (TOF) or
Fourier transform ion-cyclotron resonance mass spectrometry (FT-ICR) are commonly
used122 as these mass analysers are best suited to pulsed ionisation techniques and
enable a complete mass spectrum to be recorded for each laser shot.121

The majority of MALDI applications have utilised TOF mass analysis118 since it is
simple, cost effective, and provides a mass range which is limited only by the detection
efficiency for high mass ions. TOF/MS instruments are inherently more sensitive than
scanning instruments such as sectors and quadrupoles, as a spectrum is recorded
from each pulse of ions and transmission is not reduced by focusing slits.120 The
technique is also well suited to the analysis of mixtures and is tolerant to sample
impurities. Packets of ions generated in the source are extracted from the target by a

strong electric field and then allowed to drift toward the detector in the field-free regi
of the flight tube. Extraction voltages are typically 20-30 kV and flight path-lengths
range from 1-3 m. As the ions are initially accelerated to a fixed kinetic energy by this

electric potential (E),115 their velocities in the flight tube of length (D) are determined
their mass-to-charge ratio (m/z), and the lower m/z ions will therefore arrive at the
detector earlier than ions with higher m/z. The relationship between time-of-flight (r)
and m/z is given in equation 1-5, where e is the charge on an electron.123

™ = 2eE-L
z
{DJ

Equation 1-5

The resolution of T O F instruments, however, is generally lower than that of either
scanning or trapped analysers due to differences in initial velocities arising from

spatial, temporal and kinetic energy distributions of ions during formation in the sou
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which affect their arrival time at the detector.123 With surface ionisation techniques such
as MALDI, spatial distributions will be insignificant,124 however, ions of the same mass
formed at different times or with different kinetic energies (and hence velocities) will
obviously reach the detector at different times.123

Reflectrons or ion mirrors are devices used to compensate for the energy spread of
ions in the TOF instrument by increasing the flight path of ions with greater energy.
They consist of a series of grids or rings with increasing applied voltages. Ions
penetrate the reflectron field until they are completely decelerated and thereafter are
reaccelerated in the opposite direction with the same energy that they had upon entry.

Ions of greater kinetic energy will penetrate further into the electric field and therefore
have a greater pathlength than ions of lower kinetic energy. In this way the reflectron

does not alter the kinetic energy distribution of the ions, rather it provides a correction
by altering their arrival times. Resolution is also enhanced by lengthening the overall
pathlength of the instrument.123 Reflectrons also reduce background noise from neutral
molecules impacting on the detector as they pass through the reflectron field; if
desired, they can be measured by a detector located behind the reflectron.

Reflectrons are commonly incorporated in two different configurations (as shown in
Figure 1-9). Ions may be deflected at an angle to the detector which is located
adjacent to the source (Mamyrin design) or the ions can be reflected back along the
same flight path, diverging slightly to be detected by an annular detector at the exit of
the ionisation region (coaxial reflectron).

As a rule, very little fragmentation is observed in MALDI mass spectra, due in part to
the relatively soft nature of ionisation, the fact that ions are formed directly in the
extraction field of the source, and also because both precursor and fragment ions
arrive at the detector with the same velocity. Prompt extraction is desirable for the

Chapter 1

56

accurate timing of T O F measurements. Ions that fragment during acceleration will
have a large velocity (and hence time) spread resulting in baseline noise and peak
broadening. Fragment ions formed outside the source (sometimes referred to as post-

source decay) drift with the same velocity after acceleration but with different kinetic
energies to the precursor ions. These fragment ions arrive at the detector at the same
time as the precursor ion and therefore are not distinguished from the precursors.
Differences in kinetic energies, however, will affect the arrival times of fragments if
additional electric fields such as reflectrons or post-acceleration voltages are
123

employed.
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O n e of the most recent advances in M A L D I - T O F instrumentation has been the
development of delayed extraction or 'time-lag energy focusing' which has resulted in
outstanding improvements in resolution for protein analysis below 20000 Da. Based on
experiments conducted by Wiley and McLauren in the 1950s, the application of
delayed extraction to MALDI-TOF was first reported in 1995 by Vestal, Juhasz and
Martin.124 Delayed extraction involves the production of ions in a weak electric field
prior to extraction by a high voltage pulse after a predetermined time delay. The

purpose of delayed extraction is to improve resolution by correcting for initial velocity
distributions of ions in the source of TOF instruments. Other improvements provided by
the technique include reduction in noise arising from fragmentation in the accelerating

fields, reduction of matrix interference and a lesser dependence of flight times on laser
intensity.

1.5.3 Polymer Applications
MALDI is a natural choice for the analysis of polymeric materials, which comprise a
mixture of oligomeric species, as the technique is well suited to the analysis of
mixtures and moderately tolerant of sample contamination. The unlimited mass range
is ideal for examining high mass polymers, and the production of singly-charged
species prevents the complication due to overlapping charge and polymer distributions
that occurs with ESI-MS for high mass synthetic polymer distributions. To date, the
majority of biomolecules studied by MALDI have been proteins and peptides, however,
there have also been applications to oligonucleotides, oligosaccharides and
glycoconjugates.121 Despite this biomolecular focus, a number of polymer applications
have also featured in the literature.
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The first application of M A L D I to polymers appeared in 1992 w h e n Hillenkamp and
coworkers125 demonstrated the successful analysis of several polymers including
poly(ethylene glycol) (PEG), poly(methylmethacrylate) and polystyrene. Although PEG
distributions up to m/z 2000 were obtained previously by UV laser desorption without a
matrix, the MALDI technique demonstrated a ten-fold increase in sensitivity, and
polystyrene distributions with maximum values approaching m/z 80000 were also
obtained. Observation of molecular species without fragmentation, and resolution of
individual oligomers, was demonstrated for low mass polymers (below m/z 20000).
Number and weight average molecular weights and polydispersities calculated for
these polymers correlated well with values determined by size exclusion
chromatography.

One of the major difficulties in the application of MALDI to synthetic polymers has been
the identification of suitable matrices, since the early development of the technique
was concerned with the analysis of proteins, and the majority of MALDI applications
have largely involved water-soluble biological compounds.126 For polymer analysis, the

identification of matrices that are miscible with non-polar polymers such as polystyrene
and polybutadiene has been a challenge.127"128 The more polar polymers such as
poly(ethyleneglycols) and poly(acrylic acids) have been analysed successfully in
matrices established for biological studies such as 2,5-dihydroxybenoic acid

125,129 136

"

and sinapinic acid.122,137 Matrices identified for the analysis of polymers include
nitrophenyloctylether (NPOE),125 mixtures of NPOE and 4-nitrophenol,138 trans-3-

indoleacrylic acid,128,132,139 2-[(4-hydroxyphenyl) azo]-benzoic acid,140"144 retinoic acid,14
9-anthracenecarboxylicacid (9-ACA) and mixtures of 9-ACA and 5-methoxysalicylic
acid.128

Polymer ions are typically observed as metal cationised species due to salt
contaminants present in low purity matrices128 or from polymer synthesis.129 Both
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alkali125,129 and transition metals have also been used as dopant salts to increase the
production of positive ions: for example, silver salts have been used as dopants for the
analysis of poly(styrene)125,127 and poly(butadiene).128 In order to reduce the complexity
of polymer spectra, samples m a y be purified and/or an excess of one cation added to
prevent the formation of multiple adduct ions.128,134

Owing to the polydispersity of synthetic polymers, some researchers have reported
difficulties in calibrating over the wide m a s s ranges necessary w h e n assigning
accurate molecular weights for polymeric samples. Montaudo et a/.140"141 have
developed a self-calibration procedure for polymeric samples whereby oligomers (p.n)
are described as the s u m of two masses as shown below in Equation 1 -6.
p,n=On + 9

Equation 1-6

on is a multiple repeat unit and 9 is the mass of the first oligomer. Self-calibration of
polymer spectra is achieved by considering 0 as a variable parameter and fitting the
data to this equation using a least squares minimisation. This calibration procedure
allows accurate measurement of oligomer masses, hence reducing ambiguity in the
determination of oligomeric structures and end groups.143

1.5.3(a) Structural Characterisation
MALDI-TOF measurements below 20000 D a usually have sufficient resolution to
distinguish oligomeric components of polymers. The determination of accurate
molecular weights for individual oligomers has allowed researchers to probe a variety
of structural characteristics such as identification of end-group type and distribution,
cyclic structures, oligomer composition and degree of polymerisation.
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Polymer end groups often vary according to the m o d e of synthesis and m a y have
significant impact on the final properties of a polymer. In a number of instances,
MALDI has been used to determine the composition of polymeric endgroups.139,141,143
Epoxy resins, widely used as starting materials for the synthesis of network polymers,

usually have a considerable degree of functional heterogeneity. Nine different types of
functionalities were identified in the MALDI mass spectrum of a bisphenol A epoxy
resin.135 Similarly, seven series of ions observed in the MALDI mass spectrum of a low
mass fraction of poly(butyleneadipate) were assigned to differences in endgroups.144

Functional heterogeneity has also been identified in poly(methylmethacrylate)
synthesised by group transfer polymerisation.129 Characterisation of these polymers by
MALDI identified a homologous series of oligomers in which individual endgroups had
undergone cyclisation reactions (via 'back-biting" mechanisms). These cyclicterminated oligomers were not, however, observed in poly(methylmethacrylate)

samples synthesised by free-radical polymerisation. This study demonstrates the utility
of MALDI for identifying structural heterogeneity which would otherwise have gone
undetected by SEC as the two different oligomer series were found to co-elute.

Similarly, initiation and termination mechanisms have been studied for the controlled
polymerisation of methyl methacrylate by using MALDI to identify reaction products of
three alternative mechanisms in these syntheses. These measurements assisted in
the identification of optimum synthesis conditions to maximise the suppression of side
reactions and achieve narrow molecular weight distributions.146

Cyclic oligomers (those in which two end groups react via 'end-biting' reactions) are
also often formed during the synthesis of condensation polymers.15 Series of cyclic
oligomers have been identified in the MALDI mass spectra of several aromatic
polyesters132 including poly(bisphenol A carbonate).140
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Identification of polymeric components and confirmation of oligomeric composition is
important in synthetic polymers, especially where structural specificity is required. To
this end M A L D I w a s used in the determination of individual block length distributions in
block copolymers of polystyrene-p-poly-a-methylstyrene.147

Dendrimers are synthesised in such a manner as to produce highly homogeneous
structures. In several recent reports, MALDI has been utilised to assess the
homogeneity and confirm the composition of these products.145 Aromatic polyester
dendrimers were analysed in a commonly-used matrix,134 however, the analysis of
hydrocarbon dendrimers necessitated the development of a n e w matrix, retinoic acid,
due to rigorous solvent requirements of this non-polar polymer.145

MALDI has also been used successfully to characterise conducting polymers and
determine their degree of polymerisation.138 Determinations using other methods are
difficult with conducting polymers due to their insolubility, and where possible, S E C is
used. These results are subject to a great deal of uncertainty due to the absence of
suitable standards, and hence the chain lengths of m a n y conducting polymers remain
unknown. In the first application of its kind, M A L D I analysis of soluble poly(thiophene)
films resulted in the detection of a variety of oligomeric species, the longest being
heptamers (21 units). Peaks observed in the M A L D I m a s s spectra compared very well
with calculated values for these oligomers.

1.5.3(b) Molecular Weight Determination
The great advantage of M A L D I with regard to polymeric analysis is the simultaneous
determination of molecular weight distributions and structural characterisation of
polymeric components. 143 Although accurate molecular weight determination of
individual oligomeric species is of great value for structural determination, if the
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molecular weight distributions of polymeric samples are to b e determined, then
confidence must b e placed in the correlation of peak heights with oligomeric
concentrations in the sample. A n u m b e r of researchers have reported the use of
M A L D I for determination of molecular weight distributions in a wide range of polymers,
the most

commonly

reported

136,142,149-150 ps^125,137,142 a n d

p p G

being

PEG, 122,125,128,142,143 " 148

125,128 D e t e r m j n a t j o n

RMMA,125'128'129"131'132-

of m o | e cular

weight distributions

for synthetic polymers exceeding 2 0 0 0 0 D a is n o w relatively commonplace, 125,130,141 " 144
with the highest molecular weight determination for polymers reported at 1500000 D a
for poly(styrene).151

The reliability of molecular weights calculated from MALDI mass spectra is usually
determined by comparison with conventional techniques (typically S E C ) and to date
such reports have varied. Although m a n y results have indicated good agreement with
3^125,129,134,136,137-143
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s u m m a r y of the applications of M A L D I to polymer analysis is presented in Table 1-7.

Table 1-7: Summary of polymer analyses by MALDI-MS.

Polymer

Matrix

Dopant

Molecular

salt

weight

Agreement
with SEC

Poly(ethyleneglycol)

2,5-dihydroxybenzoic acid

NR

80001;*

NR

Poly(ethyleneglycol)

2,5-dihydroxybenzoic acid

LiCl,
NaCl,
KCI

40000 125

good

Poly(ethyleneglycol)

sinapinic acid

NR

10000 122

NR

Poly(ethyleneglycol)

trans indoleacrylic acid

NR

8000 128

NR

Poly(ethyleneglycol)

9-nanthracenecarboxylic acid

NR

8000 128

NR

Poly(ethyleneglycol)

9- nanthracenecarboxylic acid
+ 5-methoxysatycylic acid

NR

8000 128

NR

Poly(ethyleneglycol)

2-[(4-hydroxyphenyl)

NR

24000142"143

good

azobenzoic acid]
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Table 1-7 continued
Polymer

polyesters

Matrix

2,5-dihydroxybenzoic acid

polyesters

trans indoleacrylic acid

Poly(ethyleneglycol)

2-[(4-hydroxyphenyl)

Dopant

Molecular

Agreement
with SEC

salt

weight

NR
NR
KI

2,700'^

discrepant

132

discrepant

4.300 153

NR

NR
NR
NR

6000 1 2 8

6000 1 2 8

NR
NR
NR

2.700

azobenzoic acid]
poly(methylmethacrylate)

trans indoleacrylic acid

poly(methylmethacrylate)

9-nanthracenecarboxylic acid

poly(methylrnethacrylate)

9- nanthracenecarboxylic acid
+

6000 1 2 8

5-methoxysalycylic acid
poly(methylmethacrylate)

2,5-dihydroxybenzoic acid

LiCl,
NaCl,
KCI

6,500 125

NR

poly (methyl methacry late)

2,5-dihydroxybenzoic acid

NaCl,
KCI

5.900 146

NR

poly(methylmethacrylate)

2,5-dihydroxybenzoic acid

NR

3,150131

significantly
discrepant

poly(methylmethacrylate)

2,5-dihydroxybenzoic acid

LiCl

2000 1 2 9

good

NaCl

8000 1 3 6

reasonable

146

NR

poly(methylmethacrylate)

2,5-dihydroxybenzoic acid

NaCl,
KCI

6000

poly(methylmethacrylate)

2,5-dihydroxybenzoic acid

NaCl

2000 1 5 4

poly(methylmethacrylate)

2-[(4-hydroxyphenyl)

NR

90000 1 4 2

NR
NR

NR
NR

24000 1 4 9

tract.

azobenzoic acid]
poly(methylmethacrylate)

trans indoleacrylic acid

10OOOO

139

significantly
discrepant

poly(butylmethacrylate)

trans indoleacrylic acid

terthiophene derivatives
(conducting polymers)

4-nitrophenol +
2-nitro phenyl octyl ether

NR

2.500 138

NR

poly(styrene)

nitro phenyl octyl ether

Ag
CF 3 00

70000 1 2 5

reasonable

poly(styrene)

2-[(4-hydroxyphenyl)

NR

46000 1 4 2

NR

AgN0 3

1.500000 151

good

NR

190,700 137

reasonable

400000 1 5 5

reasonable

azobenzoic acid]
poly(styrene)
poly(styrenesulphonicacid)

all-trans-ret\no\c acid
sinapinic acid

poly(propyleneglycol)

2,5-dihydroxybenzoic acid

LiCl,
NaCl,
KCI

5,300 125

NR

poly(acrylicacid)

sinapinic acid

NR

4,360 137

fair

poly(caprolactone)

2-[(4-hydroxyphenyl)
azobenzoic acid]

NR

140

15000
4.700 142

NR
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Table 1-7 continued
Polymer

Matrix

poly(bisphenol A
carbonate)

2-[(4-hydroxyphenyl)

nylon 6

2-[(4-hydroxyphenyl)

Dopant

Molecular

salt

weight

NR

10000 1 4 U

NR

NR

6000 1 4 1
2,300 142

NR

NR

5000 1 4 1

NR

NR

6,500 142

NR

NR

2000 1 4 2

NR

40000 1 4 4

tract

NR

70000 1 4 4

tract

azobenzoic acid]

azobenzoic acid]
poly(butadiene)

Agreement
with SEC

2-[(4-hydroxyphenyl)
azobenzoic acid]

poly(carbonate)

2-[(4-hydroxyiphenyl)
azobenzoic acid]

poly(butyleneadipate)

2-[(4-hydroxyphenyl)
azobenzoic acid]

polybutyleneadipate co
succinate)

2-[(4-hydroxyphenyl)

poly(thiophene)

4-nitrophenyl +
nitro phenyl octyl ether

NR

2.400 138

NR

2-[(4-hydroxyphenyl)

NR

11.100 156

fract

trans indoleacrylic acid

NR

25000149

fract

2,5-dihydroxybenzoic acid

NR

11.100 156

fract

trans indoleacrylic acid

Ag

4000147

NR

trans indoleacrylic acid

NR

40000 1 4 9

fract

2,5-dihydroxybenzoic acid

NaCl

2000 1 2 6

NR

poly(dimethylsilane)

2,5-dihydroxybenzoic acid

NR

30000 1 3 0

NR

poly(N,N-

2,5-dihydroxybenzoic acid

NR

5000 1 3 3

NR

epoxy resins

2,5-dihydroxybenzoic acid

NR

2500 113,135

NR

perfluorinated

2,5-dihydroxybenzoic acid

NaCl

-6000126

NR

2,5-dihydroxybenzoic acid

NaCl

3,500 134

good

retinoic acid

AgN03

15000 1 4 5

NR

polybutyleneadipate

azobenzoic acid]

azobenzoic acid]
poly(methylmethacrylat

polybutyleneadipate
polystyrene block
copolymer
poly(vinylaceate)
perfluorinated
polyelectrolytes

diethylacrylamide)

polyelectrolytes
aromatic polyester
dendrimers
phenylacetylene
dendrimers
N R = not reported

tract. = polymer fractionaticin/SEC me hod

Note: In cases where molecular weight values were not reported, molecular weight values are
listed as estimates to provide a rough indication of the mass range for these determinations.
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The latest findings indicate that reliable average molecular weights (i.e. those in
agreement with conventional techniques) can only be determined directly from the
MALDI mass spectra of polymers with relatively narrow molecular weight
distributions.142,144,149,150"156 Polymers with a polydispersity greater than 1.2 yield values
that are in error by up to 20%.144

A number of factors are thought to influence the reliability of the calculated molecular
weight data. Insolubility of higher molecular weight species may give rise to
inhomogeneity of the sample dispersion in the matrix. Augmenting the solubility of
polyester samples by varying solvent mixtures used in sample preparation was found
to shift the observed oligomer distribution toward higher masses.132 Preferential
desorption and ionisation of lighter molecules has also been suggested to suppress
the desorption and ionisation of larger molecules in samples with high
polydispersities.130"131

Decreases in detection efficiencies for higher masses due to the dependence of
secondary ion yields on ion velocities may also reduce the contribution of larger
oligomers in the spectrum, thus lowering the observed molecular weight distribution.132
The accelerating voltage used to extract ions from the source was found to influence
detector sensitivity for higher masses due to its effect on ion velocities. Lowering the
acceleration voltage from 30 kV to 18kV caused average molecular weight values for
poly(ethyleneglycol) to fall from 6054 to 5775 Da.128 Fragmentation has also been
suggested as a source of error in molecular weight data obtained from MALDI mass
spectra.131 However, as larger molecules are less susceptible to fragmentation due to
the availability of a greater number of bonds to dissipate excess energy,145 and most
deviations result in lower molecular weight values,128 it would seem that fragmentation
is an unlikely cause in most cases.
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W h e n using S E C data for estimation of the accuracy of molecular weight calculations,
it must also be borne in mind that the shortcomings of SEC for the determination of
molecular weights are well-known and in some cases it will be the SEC data that is the
source of error. Lack of suitable standards, band broadening139 and poorly
characterised standards all contribute to the uncertainties associated with this
technique.

A number of groups130,144,149,156 have obtained molecular weight information on
polydisperse polymers by first fractionating the polymer by SEC, thereby presenting
the sample as a number of low polydispersity fractions. The molecular weight of each
fraction determined by MALDI is correlated with the retention time and used to
calibrate the chromatogram from which the molecular weight values can be
determined. In this manner the MALDI instrument acts as a detector for the SEC and,
in effect, provides ideal molecular weight standards for SEC calibration. An added
advantage of MALDI detection is that additional structural information can be obtained
on low mass fractions where individual oligomers are resolved in the MALDI mass
spectrum.

These studies have also highlighted well-known shortcomings of conventional SEC
molecular weight determinations. SEC is based on the principle that molecular weight
is directly proportional to molecular volume, however deviations from the linearity of
this relationship have been disclosed by the MALDI mass spectra of SEC fractions.

These deviations have been attributed to the effects of variations in structure such as
branching or cyclisation,130 and variations in conformation in solution which are
dependent on the length of the polymer chain.
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1.6 Outline of this Work
The literature reviewed in this chapter has indicated that, although there has been a
wealth of reports of biochemical applications of ESI-MS, there have been relatively few
detailed studies of synthetic polymers by this technique. The intrinsic nature of
synthetic polymers is quite different to biopolymers such as peptides and proteins
because, although they are all large molecules comprised of many repeating units,
biopolymers often have a single, defined structure, in keeping with the specificity of
their function (the exception being heterogeneous biopolymers such as glycoproteins).
Synthetic polymers, on the other hand, are always complex mixtures of structures
comprised of varying numbers and proportions of one or more monomeric
components. ESI-MS is well suited to the analysis of large molecules since the gentle
nature of the technique allows ionisation and detection of intact molecular species,
circumventing further complication of the ESI mass spectrum by fragment ions.
Furthermore, if the relative abundance of peaks in the mass spectrum correspond to
the proportions of these species in the sample, the mass spectrum may provide
information on the molecular weight distribution of the polymer from which average
molecular weight data may be calculated. On the other hand, the propensity of ESI-MS
to yield distributions of multiply-charged species may unduly complicate the spectra of
synthetic polymer samples.

Thus, the challenge of the work described here was to demonstrate the feasibility of
ESI-MS for the analysis of these potentially very complex samples and to determine if
the distributions of masses observed in the ESI mass spectrum accurately represents
the molecular weight distribution of the polymer sample. These issues are not only
relevant to the analysis of polymers, but more generally concern the use of ESI-MS for
the analysis of mixtures.
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Experimental procedures used for the synthesis of polyester resins and their analysis
by ESI and MALDI mass spectrometry, SEC, and FTIR are detailed in Chapter 2. In
Chapter 3 the development of suitable methods for analysis of polyester resins by ESIMS is described, followed by a demonstration of the range of structural features

identified in these spectra and the applicability of this data for on-going surface coa
development.

The issues surrounding the direct determination of molecular weight determination
from the ESI mass spectra of polymers are detailed in Chapter 4. The effects of
sampling cone potential on the observed molecular weight distributions are discussed
in relation to mass- and charge-dependent processes in the expansion region of the
ESI source. The influence of alkali metal salts on the observed molecular weight
distributions is also described in some detail.

A comparison of ESI and MALDI analyses for a range of polyester resins is presented
in Chapter 5. These two techniques were also combined with SEC to investigate
further the issues of mass discrimination in mass spectra and calibration for SEC.
Finally, in Chapter 6 the application of ESI to a wider range of paint coating
components is presented.

Chapter 2

Experimental
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2.1 ELECTROSPRAY MASS SPECTROMETRY

2.1.1 Instrumentation
The electrospray mass spectra were acquired on a VG Biotech Quattro™ mass
spectrometer (VG Biotech Ltd. (now Micromass), Altrincham, UK) unless otherwise
indicated. This instrument was equipped with an electrospray ionisation source and a
quadrupole-hexapole-quadrupole mass analyser configuration with a 4000 Da mass
range for singly-charged species. The solvent for the spray was delivered through a
fused silica capillary tubing via an ISCO (Lincoln, NE, USA) SFC-500 microflow pump,
typically at a flow rate of between 5-10 uL min" . Nitrogen nebulising gas flowing
concurrent to the stainless steel capillary in the probe at a flow rate of -10 Lhr"1
assisted in the production of a stable spray. A dry, warm, counter-current nitrogen bath
gas at atmospheric pressure was employed at a flow rate of -350 Lhr"1 to assist
evaporation of the electrospray solvent. All spectra presented in this thesis were
acquired in positive ion mode. The electrospray probe tip potential was 3.5 kV with
0.5 kV on the chicane counter electrode (see ion source schematic shown in
Figure 1-5 for further information). Sampling potentials ranging from 25 - 200 V were
used as indicated in the text. The photomultiplier was set at 650 V for MS1. Typical
tuning parameters for other lenses are given in Table 2-1.

The ESI mass spectra were acquired by multi-channel analysis (MCA) at a rate of
1s per 100 m/z and generally data from 10-20 scans were summed to obtain
representative spectra. For MS1 experiments the low and high mass resolution
parameters (denoted LM res and HM res respectively) were typically set at 12.5 and

8.0 arbitrary units, which translates to a resolution of approx. 2.0 - 3.0 Da peak width-

at-half height in the range of m/z 200-2600 (typical calibration range for polyester 20)
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This relatively low resolution w a s used to ensure that the sensitivity for high mass
species was not compromised (see also Appendix D). The mass spectrometer was
calibrated with sodium iodide (as recommended by the manufacturers, -1 nmol u.L"1)

for initial analysis of polyester resins, however, after confirmation of peak assignmen
for polyester 20, a reference file based on this mass spectrum was created. This
reference was then used for calibration of the mass spectra of other resins. Typical
mass spectra and resulting calibrations using the polyester resin are shown in
Figure 2-1.

For MS/MS experiments, argon collision gas was used at a pressure corresponding to
approximately 30% transmission of the incident ion beam. The laboratory collision
energy (E|ab) was varied from 50-75 eV as indicated. The photomultiplier voltage for
MS2 was set at 650 V. Other parameters are given in Table 2-1.

Comparative spectra for cone voltage experiments were obtained on a more recent
ESI-quadrupole instrument, the VG Biotech Quattro II™ mass spectrometer (VG
Biotech Ltd. (now Micromass), Altrincham, UK) which has an identical configuration to
the earlier Quattro except that a hexapole focusing lens is incorporated in the region
between the skimmer and the differential aperture (see Figure 4-8(b)).

A VG Autospec™ magnetic sector mass spectrometer (VG Analytical, (now
Micromass), Wythenshawe, UK) equipped with an electrospray interface was also

used for analysis of the polyester resins. The electrospray interface on this instrumen

consists of a three-stage, differentially pumped arrangement to transfer ions formed a
the tip of the spray probe into the high vacuum necessary for mass analysis.
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Table 2-1: Typical Tuning Parameters for ESI-MS and MS/MS

of Polyester resins on Quattro

and Quattro II instruments.

a)

Source Parameters

Quattro

Quattro II

Capillary

3.0-3.5 kV

3.5

H V Lens (Chicane counter electrode)

0.3-0.5 kV

0.5

25-250 V

25 - 250

Lens 1

50-80 V

5*

Lens 2

0-10 V

1.5**

Lens 3

35-50 V

0.4***

Lens 4

85-115 V

Cone (B1 skimmer lens)

Source Temperature

60°C

50°C

*skimmer offset, **skimmer, ***RF lens

b) MS1

Quattro

Quattro II

LM Resolution

12.5

16.0

H M Resolution

12.5-14.5

15.0

Energy Filter

6.0

Ion Energy

2.0

1.0

Ion Energy R a m p

0.0

0.0

Lens 5

200-250 V

100

Lens 6

0-10 V

5

M S 1 photomultiplier

650 V

650 V

c) M S 2

Quattro

LM Resolution

12.5

H M Resolution

8.0

Collision

50 - 70 eV

Ion Energy

2.0

Ion Energy R a m p

0.0

Lens 7

250 V

Lens 8

147 V

Lens 9

23 V

M S 2 photomultiplier

650 V
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A schematic of the interface is given in Figure 4-8(c). For the experiments here,
nitrogen was employed as both the bath and nebuliser gas. The electrospray source
was maintained at 60-80°C. The instrument used for these analyses was fitted with the
standard point detector and a high field magnet having 8000 m/z range at 4 kV
accelerating voltage. All ESI mass spectra were acquired in the positive ion mode with
a resolving power of 1000 to 2000 (10% valley).

2.1.2 Electrospray Ionisation Mass Spectrometry of Polyesters
For electrospray ionisation, polyester resins (2.5 u,g uiA1) were dissolved in 90%
acetone/water containing a typical concentration of 1.2 mM sodium by addition of
aqueous sodium acetate or sodium iodide solutions. The addition of other alkali metal
salts was also investigated (discussed further in Chapter 3). 10uJ_ was injected for
each analysis. Concentrations of the resins (-1 mmol jiL"1) were considerably higher
than those typically required for biological samples (typically in the tens of pmol uL~1
range) since the resin samples comprised mixtures of 20 or more individual molecular
species. The higher concentrations were therefore necessary to ensure that the
spectra had the best possible signal-to-noise ratio without seriously compromising the
operation of the mass spectrometer due to source contamination. The optimum
skimmer potential for the polyester resins analysed in this thesis was determined
experimentally to be within the range of 75 -125 V (as discussed in Chapter 4).
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2.1.3 Resin Data Processing
All electrospray mass spectra presented in this thesis were processed using the
Masslynx™ software supplied with the mass spectrometer by VG Biotech.

The raw MCA data were baseline subtracted with either a linear subtraction or by one
of a range of fitted polynomial subtractions supplied in the software. The subtracted
spectrum was then smoothed by 2 times half the peak width-at-half the peak height
(i.e. if the resolution was set at 2.0 Da peak width-at-half height, then the spectrum
would be smoothed 2 x 1.0 Da) according to the 'mean' mathematical smoothing
method.

The smoothed data were then converted to centroid data (based on the mean of the
peak at 80% of the peak height). After adjustment of the data threshold in the
spectrum display parameters to remove noise peaks, a 'spectrum list' was copied to a
specially designed spreadsheet (created using Microsoft Excel™ software) from which
average molecular weights and a variety of structural parameters were calculated. A
full description of these spreadsheets is presented in Appendix B. For a discussion of
the use of peak heights rather than areas see Appendix D.

Figure 2-1 shows a typical calibration obtained using polyester 20 at a resolution of
2 Da (peak width-at-half height). The electrospray mass spectrum (subtracted and
smoothed) and the corresponding spectrum list for polyester 74 is shown in Figure 2-2.
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Figure 2-1: Typical calibration obtained for MS 1 on the VG Quattro using polyester 20.
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a)

597.9
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%614.0
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b)

m/z

ion current

m/z

ion current

m/z

ion current

m/z

ion current

256.5
269.4
284.6
288.6
316.5
369.5
385.5
400.7
415.6
437.9
452.5
453.7
475.8
479.7
495.7
583.9
597.8
613.9
629.9

9.56E+05
4.99E+05
4.57E+05
1.25E+06
8.56E+05
2.36E+07
1.22E+07
1.13E+06
4.78E+05
4.26E+05
4.20E+05
4.51 E+05
1.04E+06
1.14E+07
1.86E+06
5.34E+05
1.26E+08
4.03E+07
4.20E+06
4.67E+06
2.69E+06
6.09E+05
8.71 E+05
8.05E+05
6.00E+05
2.94E+06
1.22E+06

747.5
752.8
758.3
767.2
775.1
783.1
812.2
826.2
834.2
842.2
858.2

8.77E+05
1.04E+06
5.57E+05
7.47E+06
4.97E+06
1.42E+06
4.30E+05
7.13E+07
7.43E+05
2.91 E+07
4.88E+06
3.90E+05
5.22E+05
5.99E+06
4.65E+06
1.83E+06
1.76E+06
1.52E+06
1.37E+06
6.57E+05
6.35E+05
4.84E+05
5.24E+05
4.16E+05
7.62E+05
6.35E+05
3.80E+05

969

5.42E+05
4.63E+05
9.33E+05
1.20E+06
9.00E+05
4.22E+05
4.43E+06
4.06E+06
1.68E+06
4.83E+05
4.18E+05
3.22E+07
5.77E+05
6.63E+05
1.59E+07
3.65E+06
6.02E+05
2.62E+06
2.83E+06
1.44E+06
9.61 E+05
7.37E+05
4.39E+05
4.61 E+05
4.02E+05
1.62E+06
1.66E+06

1239.9
1247.8
1282.9
1298.9
1314.8
1331
1338
1346.1
1354.2
1361.7
1362.6
1363
1452.6
1460.2
1467.9
1511.2
1527.2
1543.2
1574.5
1739.6
1755.6
1771.6
1968
1984
20004

9.97E+05
4.22E+05
1.28E+07
7.31 E+06
2.04E+06
4.04E+05
8.05E+05
1.03E+06
6.87E+05
3.81 E+05
3.84E+05
3.91 E+05
3.94E+05
6.55E+05
4.19E+05
4.53E+06
3.46E+06
1.19E+06
3.82E+05
1.66E+06
1.45E+06
7.56E+05
5.96E+05
5.87E+05
3.84E+05

653
661
666.4
668.2
669.1
681.3

708
724.1

873
874.4
881.4
889.3
897.2
898.2
905.1
910.4

916
916.5
920.6
921.9
925.1
936.6
952.5
966.5

970.8
975.1
981.2
986.6
991.6
995.5
1003.5
1011.6
1019.5
1027.1
1054.5
1061.7
1062.8
1070.5
1086.6
1102.8
1109.7
1117.7
1125.8
1133.7
1138.6
1143.8
1144.6
1209.5
1223.9
1231.9

Figure 2-2: (a) Electrospray mass spectrum (baseline subtracted and smoothed) and (b)
spectrum list for polyester 74.
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2.2 MATRIX ASSISTED LASER DESORPTION IONISATION
MASS SPECTROMETRY
All matrix-assisted laser desorption ionisation (MALDI) mass spectra were measured
with a Kratos Kompact III spectrometer (Kratos Analytical, Manchester) equipped with
a nitrogen laser, operating at 337 nm with a maximum output of 6 mW delivered to the
sample in 3 ns pulses. Time of flight mass analysis was performed in reflectron mode,

providing a flight path of approximately 1.4 m. Ions were accelerated with a potential of
20 kV and detected by an electron multiplier (ETP, Sydney, Australia) with an ion to
electron converting Al203 dynode surface placed perpendicular to the flight path. The
dynode surface was grounded so the extraction voltage (20 kV) was equal to the total
acceleration voltage. All spectra were recorded in positive ion mode.

Mass spectra were generated by summing the spectra of 200 laser shots and the
resulting spectra were smoothed (x25) and baseline subtracted. Spectrum lists
generated from centroid data were exported to a version of the Microsoft Excel™
spreadsheet (shown in Appendix B) which was specially adapted for the MALDI data.

All of the polyester resins were analysed in a 2,5-dihydroxybenzoic acid (DHB) matrix
which was prepared as a 1 M solution in a 40% aqueous acetone. This solution (1 uL)
was applied to a stainless steel target and dried using a stream of warm air. Polyester
resin samples were dissolved in acetone to form 0.1 M solutions; 1 u,L aliquots of these
solutions were applied onto the target area bearing the DHB crystals, and again dried
in the warm air stream, t-3-indoleacrylic acid (TIAA) was also used for a number of
resin analyses. Preparation of these samples involved mixing 0.5 mL each of resin
solution (0.1 M in acetone) and matrix (1 M in acetone) and applying 1 u,L of this
solution to the target which was subsequently dried in a stream of warm air.
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2.3 SIZE EXCLUSION CHROMATOGRAPHY
Size exclusion chromatography (SEC) of polyester resins was performed on a Hewlett
Packard model 1050 HPLC system fitted with an auto sampler, quaternary pump and a
Hewlett Packard PL gel 5u, mixed C p-styragel column (300x10 mm) with guard
column. Detection was by both refractive index and multi-wavelength UV absorbance
set at 254 and 230 nm. The solvent, tetrahydrofuran, was delivered at a flow rate of
-1

1 m L min .

Resin samples (50 mg mL ) were prepared in tetrahydrofuran and allowed to drain
though a plug of filter paper (Whattman 541) placed in the neck of a pasteur pipette.
Aliquots of the filtrate (60 pL) were injected for preparative fractionation, collected
predetermined intervals using an Isco Foxy 1000 fraction collector. Fractions from five
injections were combined for each sample.

-1

For calibration purposes, 20 pL injections of polystyrene standards (50 m g m L
tetrahydrofuran) were also used.

2.4 INFRARED SPECTROSCOPY
Fourier Transform Infrared (FTIR) analysis was carried out using a Perkin Elmer
PE2000 spectrometer. Polyester resins and extracts were prepared neat on sodium
chloride and spectra were recorded in transmittance mode. For each spectrum the
range 4000 cm"1 to 700 cm"1 was scanned with a resolution of 4 cm"1. Five spectra
were summed for each sample and a background correction for air was applied.

in
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2.5 MOLECULAR MODELLING

2.5.1 Simulation of Amorphous Oligomer Structures
Amorphous polyester oligomer structures were constructed using the Theodorou-Suter
chain-generation method157"158 for polyesters 20, 21, 47, 70, 71 and 72 with material
density of 1.14 g cm"3. Three dimensional periodic systems were built with a unit cell
size depending on the size of the oligomer. The unit cell contained the parent molecule
as well as image chains which consist of the parent molecule atomic images.158

To improve the reliability of the modelling it is important to average simulated
properties over many conformations. This is a consequence of the fact that (as follows
from statistical mechanics) any fluctuation involving an energy penalty of less than kT
is likely to contribute significantly to macroscopic properties. Thus, a distribution of
values is expected for any property. An ensemble of 40 oligomer conformations was
therefore constructed via the Theodorou-Suter method for each oligomer type.

After chain construction, the structures were refined using molecular mechanics
(energy minimisation) and molecular dynamics methods. In the molecular dynamics
method, a trajectory of the molecular system is generated by simultaneous integration
of Newton's equation of motion for all the atoms in the system:

AW
— - ; — = m, F
dt

Equation 2-1

rt are atomic coordinates, t is time.m,. are atomic masses, and F( is the force on atom
i which is calculated as:
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-dE\r,....rN)
Li
HI
F _
' dr

Equation 2-2

E{r) is the potential energy function which is shown in Equation 2-3. This function
typically includes bond length stretching (Eb) and bond angle bending terms (Ea),

torsion twisting term (E,), out-of-plane deformation term for planar systems (Ep) as we
as Lennard-Jones and Coulombic terms describing the non-bond van der Waals (EvdW)
and electrostatic interactions^).

E{r) = Eb+Ea+Et+Ep+ Evdw + Ed Equation 2-3

The functional form of the energy expression (Equation 2-3) is usually determined by a
forcefield. The PCFF forcefield158 developed and tested for synthetic polymer systems
was used in these studies.

The objective of the structure refinement step for the amorphous cell was to ensure
that the generated structures filled space uniformly and were well equilibrated (i.e.
remove energetic tension from the system). The structure relaxation was started by
energy minimisation which was performed for 500 steps using the steepest descent
algorithm.159 The subsequent molecular dynamics simulation was then performed for
10ps (10000 steps) at 300 K followed by another energy minimisation using the
conjugate gradients algorithm.159 The final minimisation was performed until the
maximum derivative on atoms decreased to 0.1 kcal mol"1 A"1, i.e. the structures had

no significant energetic strain. The ensembles of refined structures were stored on dis
for analysis.
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2.5.2 Simulation of Dilute Solution Conformations
The dilute solution conformations were modelled using the Rotational Isomeric State
Metropolis Monte Carlo (RMMC) simulations.158,160 The RMMC simulation involved the
following steps:

1. An energy minimisation was performed on the molecule.
2. A rotatable backbone bond was randomly selected.
3. A random torsion value, between -180 and +180 degrees, was selected for
this bond.
4. The bond was rotated to its new torsion value, and molecular energy (E)
was calculated as described above in Equation 2-3.

5. The selection factor was calculated as exp

K^new

kT

^old)

A random

number (R) was then generated between 0 and 1. If

R < exp

kT

the new torsion value w a s retained, otherwise the

old value was restored.
6. The chain was equilibrated for 100000 steps.
7. After the equilibrium was achieved, the above procedure (from step 2) was
repeated for 1000000 iterations of which approximately 12% were
accepted, thus providing approximately 12000 chain conformations from
which the average properties of the chain (i.e. radius of gyration, end-toend distance) were calculated.

Chapter 2

83

2.5.3 Properties of Polymer Systems
The oligomer conformations generated by the two methods described above, were
used for the calculation of polymer properties. Chain conformation properties such as
end-to-end distance distribution and radius of gyration were described in terms of the
statistical average for each characteristic property. In each case, conformations were
generated by the method which most closely approximated the polymer environment.
The amorphous cell simulation method was used to simulate chain conformations of
the polyesters during synthesis, as this method allowed the most correct approximation
of the molecular environment encountered in these highly concentrated systems during
melt synthesis (see Section 2.6.1(b)). To model the molecular conformations adopted
by various polyester oligomers during electrospray ionisation, however, dilute solution
conformations provided a more accurate estimation of the dilute environment in which
these molecules were encountered.

2.5.3(a) End-to-end Distance Distribution
The end-to-end distance is a parameter used to specify the average global polymer
conformation. The end-to-end distance, r, of a single chain is defined in Equation 2-4,
168

where /,• denotes the vector along backbone bond i, and N denotes the number of

backbone bonds in the molecule.

N

r = 2_llj

Equation 2-4

2.5.3(b) Radius of Gyration
The radius of gyration can also be used for characterisation of the global polymer
chain conformation. The radius of gyration, s, is defined as the root mean square
distance of the atoms in the molecule from their common centre of mass. The
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calculation of this is given in Equation 2-5,168 where s/ denotes the distance of atom /'
from the centre of mass, and N denotes the total number of atoms.

N

s = -^ Equation 2-5
i=i

2.5.4 Software/Hardware
Computational results were obtained using software programs from Molecular
Simulations, Inc. (MSI) - amorphous polymer structures were generated with the
Amorphous Cell program, and energy minimisation and molecular dynamics
calculations were performed with the Discover® program with the PCFF forcefield.
Dilute solution polymer conformations were generated using Rotational Isomeric State
Metropolis Monte Carlo (RMMC) method incorporated in the MSI software. All
simulations were performed on the lndigo2 R8000 Silicon Graphics workstation.
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2.6 POLYESTER PAINTS
The samples investigated in this project all pertain to materials used in the product
development and assessment of polyester paints for Colorbond™ pre-painted steel
products manufactured by BHP. The polyester paint formulations used in the
production of these coated metal products contain several major organic and inorganic
constituents including the polyester resin, melamine formaldehyde or isocyanate
crosslinkers, pigments and solvents.

2.6.1 Polyester Resins
The range of diacid and polyol monomers used in the synthesis of polyester resins for
this study is listed in Table 2-2. Twenty five different polyester resins were examined in
this work; details of the monomeric compositions of these resins are given in
Table 2-3. All of the polyester resins were synthesised by melt condensation of a diacid
(A), a diol (B) and a small proportion of triol (T) with the exception of polyester 37
which combined a diacid and diol only. The overall resin synthesis procedure involved
three main steps: the initial calculations to determine the appropriate monomer
proportions for a desired resin composition; the resin synthesis; and final analysis and
calculations to confirm the desired resin properties. Ten of these polyesters were
synthesised by the author, the remainder being provided by BHP Research personnel.
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Table 2-2: Names, abbreviations and molecular weights of the monomers

used in the polyester

resins.
Monomer

Abbreviation

Adipic acid
Orthophthalic Acid
Isophthalic Acid
1,3-Cyclohexanedicarboxylic acid
1,4-Cyclohexanedicarboxylic acid
1,6-Hexanediol
2,2,4-Trimethyl-1,3-pentanediol
Trimethylolpropane
Neopentylglycol
2-Butly-2-ethyl-1,3-propanediol
1,4-Cyclohexanedimethanol
Hydroxypivalyl hydroxypivalate

Table 2-3: Monomer
Polyester
No.

1
5
6
7
13
14
15
19
20
22
23
24
26
27
70
71
72
73
74
75
47
37

Molecular
weight

1,3-CHDA
1,4-CHDA

146.06
166.03
166.03
172.07
172.07

1,6-HD
TMPD
TMP
NPG
BEPD
CHDM
HPN

118.07
146.13
134.09
104.08
160.15
144.12
204.14

ADA
OPA

IPA

compositions for the various polyester resins.

MONOMER COMPOSITION

(moles of reactants)

1,4-CHDA (1.5)
1,4-CHDA (1.5)
1,4-CHDA (1.5)
1,4-CHDA (1.5)
IPA (1.4)
ADA (2.2)
ADA (1.5)
ADA (1.5)
1,4-CHDA (1.5)
1,3-CHDA (1.7)
1,3-CHDA (1.3)
1,3-CHDA (1.5)
1,3-CHDA (1.5)
ADA (1.5)
NPG (5.6)
IPA (5.8)
OPA (5.8)
IPA (5.8)

BEPD (1.4)
BEPD (1.3)
BEPD (1.1)
BEPD (1.2)
HPN (1.4)
NPG (2.1)
HPN (1.5)
BEPD (1.4)
TMPD (1.4)
NPG (1.7)
HPN (1.3)
C H D M (1.5)
BEPD (1.4)
BEPD (1.4)
ADA (5.8)
BEPD (5.7)
BEPD (5.7)
1,6-HD (5.7)

TMP
TMP
TMP
TMP
TMP
TMP
TMP
TMP
TMP
TMP
TMP
TMP
TMP
TMP
TMP
TMP
TMP
TMP

ADA (5.8)

1,6-HD (5.7)

T M P (0.67)

OPA (5.8)

1,6-HD (5.7)
BEPD (1.4)

T M P (0.67)

IPA (1.5)
ADA (1.0)

NPG (1.0)

(0.17)
(0.52)
(0.22)
(0.35)
(0.21)
(0.26)
(0.22)
(0.17)
(0.17)
(0.20)
(0.15)
(0.18)
(0.17)
(0.17)
(0.67)
(0.67)
(0.67)
(0.67)

T M P (0.09)
—
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2.6.1(a) Calculations of Required M o n o m e r Proportions
Masses of monomers required for the synthesis of each resin were calculated using a
spreadsheet that indicates the mass of monomers and the final 'acid value' of the
polyester needed to produce the desired quantity of a polyester with a specific average
molecular weight. The spreadsheet also indicates the amount of water that should be
evolved during the synthesis. For example, to synthesise 500 g of polyester 37 with an
average molecular weight of approximately 2250 Da, it w a s calculated that 341 g of
adipic acid and 243 g of neopentyl glycol must be reacted to an acid value of 25, also
resulting in the evolution of 83.7 m L of water during the synthesis. Details of the
spreadsheet calculations are given in Appendix A.

2.6.1(b) Experimental Synthesis Procedure
The resins were synthesised by placing the specified quantities of monomers in a fivenecked, round-bottomed flask (1 L flasks were used, as typically 500 g batches were
produced). The reaction apparatus shown in Figure 2-3 w a s subsequently attached to
the flask. The reactants were then heated under a stream of nitrogen until a molten
mixture formed. At this point, stirring of the mixture w a s c o m m e n c e d to assist the
reaction, and the mixture w a s heated to the reaction temperature of ~200°C which was
thereafter maintained with a thermostat attached to the power source of the heating
element. Water evolved from the reaction apparatus was collected in a measuring
cylinder and the refractive index of this solution was measured directly from the
condenser outlet using a hand-held refractometer. These measurements were m a d e
after the evolution of each 5 m L to check for m o n o m e r loss as the reaction proceeded
(an organic monomer would significantly alter the refractive index of the collected
solution).

When water evolution slowed significantly (usually when the amount evolved reached
60-70% of the volume predicted from the initial calculations), the simple condensing
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Thermometer to measure
column head temperature

Nitrogen
inlet

~-—•

Exterior of
vessel insulated
with Al foil

Figure 2-3: Apparatus used in polyester resin synthesis showing the condensation
apparatus used in the first stage of synthesis.

apparatus was replaced with a more efficient 'Dean-Stark' condenser. Xylene (60 mL)
was then added to the reaction mixture to assist in water removal by azeotrope
formation.

When -80% of the predicted volume of water had evolved, the apparatus was heated
to higher melt temperatures (but not exceeding 230°C). One hour later, aliquots were

withdrawn from the reaction mixture, weighed, and tested for their acid value according
to ASTM method D 1639-83. When the desired acid values were obtained, xylene was
purged from the reaction mixture by removing the condenser and increasing the
nitrogen flow rate. The reaction was then stopped by cooling the apparatus to room
temperature. All measurements made during the synthesis and the times at which they
were made were recorded in a 'synthesis log', an example of which is given in
Table 2-4.
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Table 2-4: Resin Synthesis Log, CHT = column head temperature, Rl = refractive index

TIME

Temp
°C

Water
Evolved
(mL)

Acid Value

N2 Flow

REMARKS

mLmin'1

9.00

18

0.1-.2

9.30

0.1-.2

13.00

100
80
91
86
156
164
167
171
175
174
175
184
183
197
196
46

13.45

vessel charged with N P G ,
heating

charging vessel with A D A

36.0

0
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.1
0.1

41.0

0.2-.3

CHT=86°C, Rl=0.4

50.0

0.2-.3

CHT=83°C, Rl=0.5

55.0

0.2-.3

CHT=71°C, Rl=0.5

56.5

0.2-.3

condenser changed to
Dean-Stark

218

60.0

0.3

30 m L xylene added,
Rl=4.0

13.55

229

62.5

0.3

30 m L xylene added,
Rl=4.0

14.05

233

65.5

0.3

Rl=5.5

15.03

226

69.0

0.3

acid value aliquot = 7.0 g,

9.37
10.00
10.15
10.32
10.40
10.43
10.45
10.49
10.54
11.04
11.09
11.17
11.32
11.47

0
1.0
6.0
11.5
18.0
24.5
30.0

34.5

all A D A added

CHT=95°C, Rl=0.8
CHT=95°C, Rl=0.5
CHT=95°C, Rl=0.5
CHT=95°C, Rl=0.5
CHT=92°C, Rl=0.5
CHT=95°C, Rl=0.4
CHT=91°C, Rl=0.4

titration = 43.0 m L
15.35

230

69.8

acid value aliquot = 6.6 g,

28.5

titration = 33.5 m L
15.50

233

70.5

>2.0

condenser removed

16.20

230

70.5

>2.0

heating mantle removed

16.28

177

16.36

130
87

16.51
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2.6.1(c) Resin Analysis a n d Final Calculations
W h e n the resins were cooled to room temperature, the final acid values and hydroxyi
value were determined (the hydroxyi values were determined using A S T M method
D 1957-63). Using the final acid value, the average molecular weights of the resins
were retro-calculated (again using the specially prepared spreadsheet previously
described and shown in Appendix A).

2.6.2 Paint Formulations
Several of the polyester resins synthesised in this study were also incorporated in
clear-coat (not pigmented) formulations. These clear-coats were prepared specifically
for this study since the pigments are insoluble and therefore not suitable for analysis
by ESI-MS. Furthermore, the organic 'binder' components are more significant in
durability studies. S o m e colour changes observed in degraded paint coatings are also
due to differential loss of pigment particles following breakdown of the organic
medium, rather than being due to changes in the actual pigments themselves.

Table 2-5 gives the proportions of the different components used in the preparation of
the clear-coat formulations. Care w a s taken to account for the solvent content of the
crosslinker and catalyst to ensure that the correct m a s s of each component w a s
incorporated in the mixture. The catalyst and blocking agent were pre-mixed to prevent
any catalysis of crosslinking reactions prior to application and cure.

Several pigmented paint formulations of unknown origin were also analysed by
ESI-MS. Preparation of these samples w a s based on the assumption that the
formulation contained approximately 5 0 % resin and cross-linker. 50 m g mL" 1 solutions
of the paint were prepared in acetone and filtered through 0.45 u. nylon filter (Millipore)
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under vacuum to remove the insoluble pigment residue. These solutions were then
diluted to 5 mg ml"1 in 90% acetone/water which was also 0.012 M sodium acetate.

Table 2-5: Clear-coat formulation
Description

Component

synthesised in house

Polyester resin
Crosslinker
Crosslinking catalyst

% (w/w)
75.6

butylated melamine formaldehyde

Cymel 1156

11.4

paratoluene sulphonic acid

Cycat 600

0.312
0.066

Dimethylethanolamine

Blocking agent
Solvents

Commercial
product

> 9 9 % aromatic hydrocarbon distillate
B.Pt. 183-210 5 C

Solvesso 150

12.7

2.6.3 Coating Preparation
Paint coatings were prepared by application of polyester clear-coat formulations
(described above) on to Zincalume™ steel panels (12.5 X 30 cm). Prior to application
of the clear coat, the metal sheets were soaked and rinsed in methyl ethyl ketone to
remove contaminants such as oil and grease which would interfere in subsequent
analysis of these coated materials. After application of the paint, the coated metal
panels were cured in a 280°C air oven for 70 seconds (this heated the metal substrate
to the cure temperature of 245°C), after which they were removed and quenched in
water at room temperature.

2.6.4 Accelerated Weathering
Fluorescent U V lamps are widely used to provide a laboratory simulation of the
damaging effects of sunlight. To produce degraded paint coatings, polyester
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clear-coats on Zincalume™ substrates were exposed to U V radiation using the
apparatus shown in Figure 2-4. This apparatus incorporates two UV-B fluorescent
lamps (Q-Panel, Cleveland Ohio) which produce radiation with wavelengths of 270 to
380 nm, with a peak emission at 313 nm. For an initial estimation of degradation
products, clear-coats were exposed for 1000 and 2000 hours. For polyester 20, which
appeared to be significantly degraded after 1000 hours, a second exposure series w a s
conducted with sampling at 100 hour intervals. The fluorescent lamps were changed at
400 hour intervals.
safety cutout switch

Figure 2-4: UVB Exposure apparatus

2.6.5 Coating Extraction
Supercritical fluid and solvent extraction techniques were both investigated for the
extraction of soluble components from paint coatings. The supercritical fluid extraction
apparatus consisted of an Isco 2 6 0 D syringe p u m p to convert gaseous C 0 2 into a
supercritical fluid, and a C C S S F E 3000 extractor fitted with a 15 x 90 m m stainless
steel extraction cell and a fixed restrictor. Samples consisted of ten 6 x 60 m m strips of
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coated metal which were extracted at constant pressure (variable flow rate) and
collected in 10mL of dichloromethane. Extraction temperatures of 40-120°C and
pressures of 5000 and 7000 psi were assessed. These extracts were evaporated to
dryness under a stream of dry nitrogen at 40°C and reconstituted in acetone for
analysis by ESI-MS.

For solvent extraction, five 6 x 60 mm strips of coated metal were soaked in acetone
for 18 hours. Following removal and rinsing of the metal strips, these extracts were
evaporated to dryness under a stream of dry nitrogen gas.

2.7 MATERIALS AND CHEMICALS
Polyester resins used in this study were produced by in-house synthesis (described in
Section 2.6.1(b)) and subsequently used in experimental paint formulations.

Narrow molecular weight polyethyleneglycol standards used in cone voltage studies
and polystyrene standards used for calibration size exclusion chromatography were
obtained from SGE Polymer Laboratories.

Melamineformaldehyde crosslinkers were obtained from Cyanamid and the isocyanate
crosslinkers were obtained from Nippon Polyurethane Co. Ltd.

t-3-indoleacrylic acid (TIAA) and 2,5-dihydroxybenzoic acid (DHB), used as matrices
for MALDI analysis, were supplied by Aldrich Chemical Co.

With the exception of solvents used in paint formulations, all solvents were AR grade
or better. Solvesso 150, used in the paint formulations, was supplied by Exxon.
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Characterisation of Polyester Resins by
Electrospray Mass Spectrometry
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3. INTRODUCTION
Synthetic resins typically contain a range of polymeric structures comprised of varying
ratios of monomeric components. Mass spectrometry has the potential to
simultaneously provide both structural and molecular weight information for polymer
samples by identification of the range and relative abundance of their constituent
chemical structures.

Prior to commencement of this study there had been very few reports of polymer
analysis by electrospray mass spectrometry (ESI-MS), hence an essential first step in
this project was to establish suitable ESI operating conditions for analysis of the
polyester resins. A number of variables were considered including solvent composition,
protonation/cationisation additives, and source voltages (in particular sampling cone
potential). The initial investigation of these parameters and description of the methods
used for peak assignments are covered in this chapter. More detailed discussions on
the effects of sampling cone potential and factors influencing molecular weight
determination are provided in Chapter 4. The second part of this chapter emphasises
the structural characterisation of polyester resins by ESI-MS, highlighting the type of
information such as the degree of branching and extent of cyclisation that can be
gleaned from ESI mass spectra.
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3.1 Spectral Interpretation

3.1.1 Nomenclature
All of the polyester resins used in this study were synthesised by condensation of a
diacid (A), a diol (B) and a small proportion of triol (T), with the exception of
polyester 37 which combined a diacid and diol only. The various monomers used in
this study, their full chemical names and their abbreviated names are given in
Table 2-2. The monomeric constituents of each polyester resin are also given in
Table 2-3.

The following nomenclature was devised in order to describe the molecular
components of polyester resins observed in ESI mass spectra. Monomer combinations
of individual polyester oligomers are denoted by combinations of A, B and T. For
example, an oligomer comprised of two diols, two diacids and one triol is represented
by the expression (2A + 2B + T). The corresponding ion of this oligomer is denoted by
a similar expression contained within square brackets. Also indicated in this expression
are the charge state of the ion, and the charged species attached to the oligomer. For
example, for the oligomer described above, the corresponding singly-charged ion
formed by the attachment of a proton is represented by the following expression:
[(2A + 2B + T)H]+, whereas a doubly-charged ion of the same oligomer, formed by the
attachment of two sodium ions, is denoted by the expression: [(2A + 2B + T)2Na]2+.
Proportions of monomers in oligomeric series are indicated by algebraic expressions;
for example, the two ions [(2A + 3B)Na]+ and [(5A + 6B)Na]+ both belong to the
[((x)A + (x + 1 )B)Na]+ ion series.
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3.1.2 Calculation of Oligomer Masses
For the majority of the polyester resins, oligomeric assignments were based on the
known monomeric components. A computer spreadsheet (created using Excel™
software and detailed in Appendix B) was constructed to calculate the mass of all
possible combinations of the constituent monomers. A list of spectrum values,
obtained directly from the Mass Lynx™ software, was pasted into this spreadsheet and
a specially written macro (program) was invoked which matched spectrum values with
the calculated oligomeric masses within defined mass limits.

For the calculation of theoretical oligomer masses, several rules were devised. Since
the major constituents were diol and diacid monomers and the condensation reactions

(in polyester synthesis) require the reaction of acid and alcohol end groups, in any one
linear combination the number of diol monomers cannot exceed diacid monomers by
more than one and vice versa. In branched oligomers (those containing triol
monomers), triols are considered as substitutes for diols. For each triol substitution one
extra diacid may be incorporated - for example, an oligomer consisting of four diol
monomers may contain between three and five diacid monomers, however with the
substitution of two triol monomers, the oligomer may accommodate between three and
seven diacid monomers.

Theoretical m/z values for polyester ions were calculated using Equation 3-1 for linear
and branched species (Mlinear

hmnched

) and Equation 3-2 for cyclic species (Mcyclic ).§

is the mass of the diacid, MB the mass of the diol, MT the mass of the triol monomer
and MCat the mass of the cation attached to the oligomer during ionisation. The number
of each of these components is represented by x, y, z and n respectively. For each
These equations are only correct for ionisation by attachment of monovalent cations.
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ester bond formed in the oligomer, 18 mass units are subtracted, as one molecule of
water is lost in each condensation reaction. The number of wafer molecules lost is one
less than the total number of monomer constituents for linear and branched species
and equal to the total number of constituent monomers for cyclic species.

_x(MA)+y(MB) + z(MT) + nMcat-(x + y + z-l)lS
linear .branched

Equation 3-1

x(MA) + y(MB) + z(MT) + nMcat - (x + y + z)l8
^cyclic

=

~

Equation 3-2

3.1.3 ESI Mass Spectrum of Polyester 20
Figure 3-1 shows the ESI mass spectrum of polyester 20 (comprised of TMPD,
1,4-CHDA and T M P ) . This spectrum was obtained under optimum conditions, i.e.
2.5 m g mL"1 dissolved in a 9 0 % aqueous acetone, 12 m M sodium acetate solution,
(see Section 3.2 below), and was typical of the ESI mass spectra of all of the
polyesters examined in this study. Table 3-1 lists the full assignments for the spectrum
in Figure 3-1 based on the spreadsheet described above.

The most intense polymer ion this spectrum was observed at m/z 733.6, which
corresponded to the [(2A + 3B)Na]+ oligomer, a combination of one 1,4-CHDA diacid
(A) and two TMPD diol (B) monomers with a single charge acquired by sodium
attachment. This is the second oligomer in the dominant [((x)A + (x+1)B)Na]+ series,
which also includes peaks at m/z 451.2, 1015.9, 1298.2 etc. The highest mass peak in
this series at m/z 2142.0 corresponded to the [(7A + 8B)Na]+ ion. A weaker series of
the form [((x)A + (x)B)Na]+ is also observed with m/z 887.9 the highest mass peak in
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that series and m/z 605.4 the most intense. The range of masses observed in this
spectrum is also extended considerably by the formation of doubly-charged species.
Two doubly-charged [((x)A +(x+1)B)Na2]2+ and [((x)A + (x)B + T)Na2]2+ series were
observed, beginning with the [(5A + 6B)Na2]2+ ion at m/z 802.3 which corresponded to
an oligomer mass of 1558.6 Da, and extending to the [(12A + 12B + T)Na2]2+ ion at
m/z 1782.5 which corresponded to an oligomer mass of 3519 Da. Such multiplycharged species are a common feature of the ESI mass spectra of other compound
classes.16

3.1.4 Tandem Mass Spectrometry
Tandem mass spectrometry (MS/MS) was also performed on a number of the major
ions in the ESI mass spectra of the polyester resins to verify the structures assigned
each peak. For example, Figure 3-2 shows the MS/MS spectrum of the m/z 733.7 ion
in the sodiated acetone solution of polyester 20. This ion was assigned to
[(2A + 3B)Na]+ and the MS/MS spectrum displays peaks characteristic of this
monomer combination. An intense peak was seen at m/z 605.5 for the [(2A + 2B)Na]+
fragment, and weaker peaks were observed at m/z 477.3 for [(2A + B)Na]+, m/z 433.1
for [(A + 2B)Na]+, m/z 323.1 for [(A + B)Na]+ and m/z 195.0 for [(A)Na]+ fragments.
MS/MS spectra for several major peaks in the polyester 20 ESI mass spectrum are
detailed in Appendix C. These results demonstrate the utility of MS/MS to confirm the
peak assignments for the polyester resins.
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Figure 3-1: Electrospray Mass Spectrum for polyester 20 prepared in 90% aqueous acetone
doped with sodium acetate, skimmer potential 125 V.

Table 3-1: Full spectral assignment for the ESI mass spectrum of polyester 20 prepared in
90% aqueous acetone doped with sodium acetate, skimmer potential 125 V (Figure 3-1).
Na+ Oligomer Calculated Detected
Mass
Mass
323.0
A +B
323.1
451.2
A + 2B
451.1
2A + B
477.2
477.4
605.4
605.2
2A + 2B
2A+3B
733.2
733.6
2A + 2B + T M P
721.5
721.3
3A + 3B
887.3
887.9
1015.9
3A + 4B
1015.3
3A + 3B +TMP
1003.4
1003.9
4A + 4B
1169.4
1169.9
4A + 5B
1297.4
1298.2
4A + 4B + T M P
1285.5
1286.1
5A + 5B
1451.9
1451.5
5A + 6B
1579.5
1579.9
5A + 5B + T M P
1567.6
1568.0
6A + 6B
1733.6
1733.2
6A + 7B
1861.6
1861.4
6A + 6B + T M P
1849.7
1849.4
7A + 8B
2143.7
2142.0
7A + 7B + T M P
2131.8
2130.4

2Na+ Oligomer Calculated Detected
Mass
Mass
5A + 6B
801.3
802.3
6A + 5B + T M P
872.3
872.4
6A + 7B
942.3
942.8
6A + 6B + T M P
936.3
936.8
7A + 8B
1083.4
1084.1
1077.4
7A + 7B + T M P
1078.0
8A + 9B
1224.4
1225.2
1218.4
8A +8B + T M P
1219.1
9A + 10B
1365.5
1366.3
1359.5
9A + 9B +TMP
1360.2
10A + 11B
1506.5
1507.2
1500.5
10A + 10B + T M P
1501.1
1647.6
11A + 12B
1648.1
1641.6
11A+11B + T M P
1641.9
1782.6
12A+12B + T M P
1782.5
Monomer
A=1,4CHDA
B= TMPD
TMP

Molec. wt.
172.0704
146.0579
134.0944
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While these data demonstrated that M S / M S can be used for structural assignments,
for the majority of the polyester resins examined here, peak assignments were
straightforward given that the monomers used in the formulations were known. MS/MS
would be particularly useful, however, in cases when the monomers were not known,
such as in a forensic examination where it would be of interest to determine the source
of a polyester paint.
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Figure 3-2: MS/MS Spectrum of m/z 733 assigned [(2A + 3B)Na]+ for polyester 20. 75 eV
laboratory collision energy, argon collision gas (30% transmission).
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3.2 Optimisation of Electrospray Mass Spectrometry for
Polyesters

3.2.1 Solvents
For the preliminary work in this study, ESI mass spectra were obtained from polyester
solutions prepared in 5 0 % aqueous methanol and injected into a 5 0 % aqueous
methanol solvent stream, since this w a s the solvent system most commonly used in
our laboratory. Figure 3-3 shows the ESI mass spectrum of polyester 20. The base
peak at m/z 429.4 corresponded to the [(A + 2B)H] + oligomer, a combination of one
1,4-CHDA diacid (A) and two T M P D diol (B) monomers with a single charge acquired
by proton attachment. This is the first oligomer in the dominant [((x)A + (x+1)B)H]+
series, which also includes peaks at m/z 711.6, 993.8, and 1275.4. The highest mass
peak in this series at m/z 1277.3 corresponds to the [(4A + 5B)H] + combination. A
weak series of the form [((x)A + (x)B)H]+ is also observed, with m/z 865 the highest
mass peak in that series and m/z 583 the most intense.

Notably, there were fewer high-mass species in this spectrum compared with the
spectrum of the s a m e polyester obtained in acetone (Figure 3-1). This raised concern
that the more massive species were poorly soluble in the aqueous medium, and hence
a wider range of organic solvents w a s

investigated. Acetone, isopropanol,

tetrahydrofuran and methylethylketone were all found to provide both excellent
solubilising properties and satisfactory results for ESI analysis of the polyester resins.
Since the results obtained using these organic solvents were comparable, acetone w a s
ultimately chosen as the best organic solvent to replace methanol/water as a sample
solvent due to its stability (compared to tetrahydrofuran, which is commonly used for
polymer analysis by SEC), availability and relatively low cost. It w a s also found to be
beneficial for acetone to be used for the solvent delivery, to prevent diffusion and
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deposition of the sample in the injection system due to differences in the sample
solvent and the solvent stream (whereas for other types of samples this is not always
critical).

429.4

100-1

711.6

993.8

411.2
\

217.5
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( „rfi 693< 733.3 857.7
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Figure 3-3: Electrospray Mass Spectrum for polyester 20 prepared in 50% aqueous
and measured with a sampling cone potential of 30V.

1300

) m/z
1400

methanol

3.2.2 Addition of Cations
A significant feature of the ESI m a s s spectra of polyester resins obtained in aqueous
methanol (e.g. Figure 3-3) was the multiplicity of peaks, as each polyester species
formed a number of different adducts due to attachment of either H+, Na+ or NH4+
cations. This is illustrated in the expanded view of the m/z 685 to 750 region in Figure
3-4(a). The peak assigned to the [(2A + 3B)H]+ oligomer (m/z 711.6) is accompanied
by sodium (m/z 733.3) and ammonium adducts (m/z 729.7) as well as the dehydrated
form of the polyester (m/z 693.2). The detection of adducts of alkali metals is
commonly observed with all soft ionisation mass spectrometry techniques and requires
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only trace amounts of the cations, which are usually present in samples, solvents,
etc.161

The presence of these adducts, however, both complicates the ESI mass spectra of
the polyesters and masks the presence of some less abundant species, as the ion
current for these is then distributed over a number of peaks and may therefore be
weak and/or below the detection limit. Hence a number of different salts were
examined for use as cationisation additives in order to circumvent the problem of
multiple adduct formation. For example, Figure 3-4(b) shows the region from m/z 685
to 750 for polyester 20, in which the addition of sodium ions to the sample solution

effectively concentrated the ion current for each oligomer into one adduct (in this case
[oligomer + Na]+). The major peak (m/z 733.6) assigned to [(2A + 2B)Na]+ has no
other associated adducts, and consequently the less intense [(2A + 2B + T)Na]+
species is now clearly visible at m/z 721.5, whereas this oligomer was not detected in
Figure 3-4(a).

The first aspect of the use of additives investigated was the concentration of the salt
added to the polyester sample solution. Figure 3-5 shows the total polymer ion current
(PIC)" for polyester at a sampling cone potential of 100 V obtained from samples with
different concentrations of sodium acetate added. The data in Figure 3-5 show a

steady increase in ion current of the polyester spectra with increasing concentration of
the sodium in the sample solutions. Above concentrations of 12 mM, however, a
practical limit was imposed because the polymer became less soluble (as evidenced
by cloudiness of the sample in solution) and the quality of the spectrum deteriorated.

polymer ion currents (PIC) were obtained by summing the intensity of all polymer peaks detected in a
particular spectrum.
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Figure 3-4: Expanded view of the m/z 685 to m/z 740 region of the ESI mass spectrum of
polyester 20 (a) obtained from a 50% methanol/water solutions and (b) obtained from a 90%
acetone/water solution which was also 12 mM
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Figure 3-5: Polymer ion currents measured from the ESI mass spectra of polyester 20 obtai

with sampling cone voltage of 100 V, from sample solutions with varying amounts of sodi
acetate added.

The influence of the addition of other cations was also investigated. In separate
samples, formic acid was used to enhance protonation, ammonium acetate to
promote ammonium adduct formation, and sodium acetate, lithium iodide, potassium
iodide and caesium iodide to provide alkali metal adducts. Representative spectra for
each of these preparations are shown in Figure 3-6 and a summary of the peak
assignments for these spectra is included in Table 3-2.

The sample prepared with 0.1% formic acid (Figure 3-6(a)) resulted in only minor
enhancement of the desired adducts, with other adduct species still clearly visible - for
example, the peaks at m/z 451.4 and 733.6 are due to sodium adducts. The spectrum
obtained with the ammonium additive (Figure 3-6(c)) displays a significant proportion
of protonated species, leading to the suggestion that either the additive has very little
effect or the a m m o n i u m ion was acting as a proton donor. Previous experience in our
laboratory also indicated that a m m o n i u m acetate is a poor ionisation additive.

Chapter 3

3)

107

100

733.6 857.9

m

AN
Q |ln| iiiijIVlJWpMflVf
Ml tiplyV^fiini ffl, nfT^nr^ 11 fW^n, T , , ilUflu •!•*'• T I ^ II ^ rfip 1 1 | 1 .,1l> •; |
yi,
400
600
800
1000
1200
1400
1600
1800

,
2000

m/z
2200

t ^ ^ r T ^ r ^ ^ ^ r r H ' ^ r r r l | I I I I | m/z
1800
2000
2200

Figure 3-6: ESI mass spectra of polyester 20 prepared in 12 mM solutions of (a) formic acid, (b)
lithium iodide and (c) ammonium

acetate (sampling cone 50 V).
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Figure 3-6(continued): ESI mass spectra of polyester 20 prepared in 12 mM solutions of (d)
sodium acetate, (e) potassium iodide, and (f) caesium iodide (sampling cone 50 V).
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In separate studies of peptides, a m m o n i u m adducts are only formed w h e n the peptide
has a particularly high affinity for the ammonium cation.105 The sodium acetate
additive, however, produced very clean spectra, displaying only sodium adducts. The
total ion current of these spectra was also significantly enhanced compared to earlier
spectra.

Other alkali metals (lithium, potassium and caesium) also provided predominantly
single adducts for each oligomeric species, although other adducts (especially sodium)
were present in low concentrations with potassium and caesium. This is presumably
because sodium ions are ubiquitous in the solvents and samples. An interesting
feature of the spectra obtained with protonated and lithiated ions, was the presence of
a number of ions that presumably arise from fragmentation in the source region. In the
case of the protonated ions, there were ions at m/z 411, m/z 694 and m/z 976 which
we have attributed to in-source dehydration and were not observed with samples
obtained using alkali metal ions.162 This is presumably due to the localisation of the
charge on an oxygen atom of the ester linkage or the terminus, whereas cationisation

with the larger alkali metals is reported to have a stabilising effect by localisation o
charge on the cation. These ions are attributed to dehydration rather than the presence
of structures which are formed during synthesis (e.g. cyclic species, discussed in
Section 3.3.3) because they are only observed to accompany the lower mass
oligomers, and the abundance of these species increased on raising the sampling
cone potential.
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Table 3-2: Peak assignments for ESI mass spectra (Figure 3-6) of polyester 20 prepared in
12 mM solutions of formic acid, lithium iodide, ammonium

acetate, sodium acetate, potassiu

iodide, and caesium iodide.

Adducts Observed in the ESI mass spectra of Polyester 20
NH4+
Na+
Lt
Csr
IC
Obs. Mass Obs Mass
Obs. Mass Obs Mass Obs Mass Obs
*t
300
305
289
415
321
3
8
•
*t
318
323
307
433
339 t
•
31 549
434
439
423
455
31 561 •
446 t* 451 •'•t 435
467
*t*t
t
*
•
SI 697 •
582 t* 587
571
603
*^
31 715 •
600 t* 605
589
621
•*t
t
*
•
•
31 831
716
t
721
705
737 t
31 843 •
728
t
*t
733 ••t
717
749 t
•
864
869
979
853
885
31 997 •
*t
t
882
•*
887
871
903 t
*A
•
31 1113 •
t 1003
998
987
1020
t
*A
31 1125 •
1010 t* 1015 •'•t
999
1031
t

tr
Oligomer
A+B-18
A +B

A+B+TMP
A + 2B
2A + 2B-18
2A + 2B
2A + 2B + TMP
2A+3B
3A + 3B-18
3A + 3B
3A + 3B +TMP
3A + 4B
4A + 4B-18
4A + 4B
4A + 4B + TMP
4A + 5B
5A + 5B
5A + 5B + TMP
5A + 6B
6A + 6B + TMP
5A + 7B

Mass

283
301
417
429
565
583
699
711
847
865
981
993
1129
1147
1264
1276
1430
1546
1558
1828
1840

•••

*
*^

*t
•ft

*t
*

1146
1164
1281
1293
1447
1563
1575
1845
1857

t
t
A*

t
t*
t
*

* observed with H + additive
• observed with Na + additive
t observed with N H / additive

1152
1170
1286
1298
1452
1568
1580
1850
1862

•*
•*

•*t
•
•

•*
•
•

1135
1153
1269
1281
1435
1552
1564
1834
1846

31
31
31
31
31
36
31

1261
1279
1395
1407
1561
1678
1690
1960
1972

•
•
•
•
•
•

1168
1186
1302
1314
1468
1584
1596
1866
1878

t
t
t
t
t
t
t
t

• observed with Cs + additive
t observed with K+ additive
§€ observed with Li+ additive

Fragmentation has previously been reported with ESI-MS for s o m e biological samples
at raised sampling cone potentials,89 reportedly due to increased energy of collisions in
the intermediate pressure region of the ionisation source. That being the case, the
lower mass ions should exhibit a greater tendency to fragment due to the energy
available for conversion into internal energy being greater than for higher mass
species

163

An increase in fragmentation w a s also observed in the spectra obtained with polyester
samples prepared in solutions containing Li+ at higher sampling cone potentials. For

111

Chapter 3

example, Figure 3-7 shows the spectrum of polyester 20 at 150 V with 12 m M Lil
added to the solution. The peak at m/z 307, which corresponds to [(A + B)Li]+,
dominates this spectrum, in contrast to that obtained at 50 V shown in Figure 3-6(b).
The equivalent species was not observed in high abundances with any of the other
additives, nor was the [(A + B)n + Cation]+ a dominant oligomeric series in any of the
other spectra. There were also ions the presence of which was presumably due to loss
of water i.e. m/z 289.4, 418.4, 700.3 and the [(A + B)Li]+ ion was enhanced (again,
possibly due to fragmentation).
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Figure 3-7: ESI mass spectrum of polyester 20 in 90% acetone with 12 mM Lil, recorded at
a sampling cone potential of 150 V.

O n e explanation for the increased tendency of the [oligomer + Li]+ ions to fragment is
that lithium has the smallest ionic radius of all of the alkali metal additives tested,
therefore has a higher electrostatic interaction with the oligomer. Since the adduct is
bound more tightly, the polymer-ion complex is less likely to dissipate excess energy
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by loss of the cation during the higher energy collisions that occur at higher cone
potentials. That is, fragmentation of the polymer bonds occurs more readily than
dissociation of the adduct. Similarly, previous MS/MS studies using alkali metals,164'165,
166

have found that [M + Li]+ ions dissociate to give much more intense product ion

spectra than other alkali metals or protonated precursors. These differences were
attributed to relative bond energies, lithium cations being more tightly bound to the
oxygen groups than the larger alkali metals, which tend to release the cation in
preference to fragmentation.

The use of acid, ammonia and lithium solutions was in each case considered to be
unsuitable because of the presence of multiple adducts and/or ions due to
fragmentation in the source. Of the three remaining alkali metal solutions tested,
sodium solutions generally gave the most intense ions from the polyesters and hence
the spectra with the best possible signal-to-noise ratios. For, example, at a sampling

cone potential of 100 V, the ratio of total polymer ion current (PIC) for polyester 20 wa
approximately 3:2:1, measured from solutions which were 12 mM in Nal, KI and Csl
respectively.

There were also some differences in the dependence of calculated average molecular
weights with different sampling cone potentials and different adducts, however this is
discussed in more detail in Section 4.7. In general, a higher range of masses was
observed with sodium solutions of the polyesters. For example, the singly-charged
species of highest mass in Figure 3-6(d) is [(7A + 8B)Na] at m/z 2142.0 compared to
a maximum of m/z 1557.4 for [(5A + 6B)H] in Figure 3-6(a). The range of masses
observed in ESI mass spectra of polyesters is also extended considerably by the
formation of doubly-charged species with sodium. For example, there are the
[((x)A + (x+1)B)Na2]2+ and [((x)A + (x)B + T)Na2]2+ series beginning at m/z 802.3 for
[(5A + 6B)Na2]2 , which corresponds to an oligomer mass of 1558.6 Da. The highest
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mass ion is observed at m/z 1782.5 for [(12A + 12B + T)Na 2 ] 2 , which corresponds to
an oligomer m a s s of 3519 Da. Such multiply-charged species are a c o m m o n feature of
the ESI m a s s spectra of other compound classes.16

3.2.3 Sampling Cone Voltage
The influence of sampling cone voltage on ESI m a s s spectra of polyesters w a s also
examined in detail. Significant variations in oligomeric distributions and absolute
intensities were observed with variations in sampling cone potential. This is described
in s o m e detail in Chapter 4; briefly, however, sampling cone potentials in the range
75-125 V usually gave the most intense ion currents, and allowed the detection of
higher mass species for polyesters with alkali metal salts used to assist cationisation.
Potentials in this range were therefore used to obtain the representative spectra
presented in the remainder of this chapter.

3.3 Structural Characterisation of Polyester Resins
Using the optimum conditions described above, namely solutions of 12 m M sodium
acetate in 9 0 % acetone with a high sampling cone potential (125 V), ESI m a s s spectra
were obtained for 25 different polyester resin formulations (given in Table 2.3). These
results are summarised in Table 3-3. A number of oligomeric distributions were evident
and for each resin the major and minor ion series were assigned to up to fourteen
different oligomer types, indicated

in the ion series key. In each

case,

[((x)A + (x+1)B)Na]+ w a s the most intense series, consistent with the fact that all of the
resins were formulated with an excess of diol m o n o m e r in order to produce
predominantly hydroxy-functional polymeric species. The cyclic [((x)A + (x)B - 18)Na] +
series were observed as a major ion series in 16 of the resins. Doubly-charged

Chapter 3

114

[((x)A + (x+1)B)Na 2 ] 2+ and branched [((x)A + (x)B + T)Na] + were also present as major
ion series in several of the resins. For most of the resins, [(2A + 3B)Na]+ was the base
peak, with [(3A + 4B)Na]+ and [(4A + 5B)Na]+ also identified as base peaks for a small
number of resins.

Based on the interpretation of this wide range of polyesters, a range of different
structural features of these resins were identified, and these are examined in more
detail below.

3.3.1 Branching
Branching is introduced into polyester resin structures by incorporating a small amount
of a triol in the formulation. Increasing the degree of branching in a resin produces
harder and less flexible coatings. Trimethylolpropane is commonly used as a branching
agent, however since it has a relatively low boiling point, it is easily lost from the
reaction mixture at the high temperatures typically employed for resin synthesis. Hence
it would be extremely useful to have a method for assessing the amount of triol actually
incorporated in the final polyester chains, thereby enabling the synthesis to be "tuned"
to obtain the desired degree of branching.
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Table 3-3: Summary

of spectral assignments determined from the ESI mass spectra of a range

of polyester paint resins.

Ion Series*
Major

Minor

1,2
1

3,4,9,11,
2,3,4,9,11,

[(2A + 3B)Na]+

1,2,5

4,6,7, 12, 13, 14

[(2A + 3B)Na]

+

1,2,

3, 5,6,11, 12, 13, 14

[(2A + 3B)Na]

+

1,3,

2,4

Polyester

Major Ion

2
3
6
7
13
14
15
16
20
21
22
23
24
25
26
27
37

[(3A + 4B)Na]+

38
47
70
71
72
73
74
75

[(3A + 4B)Na]+

[(2A + 3B)Na]

+

[(4A + 5B)Na]+

1,3

4,2,9,11

[(2A + 3B)Na]

+

1,3,9

11,2

[(3A + 4B)Na]

+

1,3
1

2,4,9,11
2,4,9,11,

[(2A + 3B)Na]

+

1,3,9

2,4,10,11

[(3A + 4B)Na]

+

1,3

2,9,11

[(2A + 3B)Na]

+

1,3,9

2,4,11

[(2A + 3B)Na]

+

1,2,3,9

4,11

[(2A + 3B)Na]

+

1,3,

2,4,9,11,

[(2A + 3B)Na]

+

1,3,

2,4,9,11

+

1,3,9

2,4,11

+

1,3,4,9, 10

[(2A + 3B)Na]+

[(3A + 4B)Na]
[(4A + 5B)Na]

[(2A + 3B)Na]

+

[(2A + 3B)Na]+
[(2A + 3B)Na]

+

[(2A + 3B)Na]+

1,3
1,3
1,2
1,3
1,3

2,4,9,11
2,4,8,9,12

3,5
2,8,4
2,8,9, 11

[(2A + 3B)Na]

+

1,2,3

4

[(2A + 3B)Na]

+

1,2
1,2

5,3,9,11

[(2A + 3B)Na]+

3,4,5,9,11

*Major ion series have at least one component > 2 0 % of base peak intensity, minor ion series are all < 2 0 %
N O T E : All resins except no. 3 7 also incorporate a small amount of T M P triol in their formulation

Key to Ion Series
Doubly

Singly Charged
1. [((x)A + (x+1 )B)Na]+
+

2. [((x)A + (x)B+T)Na]

5. [((x)A + (x-1 )B + 2T)Na]+ 9. [((x)A + (x+1)B)2Nar
6. [((x)A + (x-2)B + 3T)Na]

+

3. [((x)A + (x)B-18)Na]+ 7. [((x)A + (x-3)B + 4T)Na]+
4. [((x)A + (x)B)Na]+

i2+

Charged
12. [((x)A + (x-1)B + 2T)2Naf

+

10. [((x)A + (x)B)2Naf

2+

13. [((x)A + (x-2)B + 3T)2NaJ

11. [((x)A + (x)B + T)2Na]2+ 14. [((x)A + (x - 3)B + 4T)2Na]2+

8. [((x)A + (x-1 )B+T-18)Na]+

x is an integer representing the relative proportions of m o n o m e r s in an ion series
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The extent of branching can be readily gauged from ESI m a s s spectra by determining
the number and relative intensities** of oligomers that incorporate the triol monomers.

The degree of branching evident from ESI mass spectra for the polyesters examined
varied. Some branching was evident in all of the polyesters except for polyester 37,
which was synthesised in the absence of a triol monomer to generate exclusively linear
chains. Figure 3-8 shows the ESI mass spectrum of polyester 6. This polyester was
formulated to provide a greater amount of branching than the other polyester resins;
this is evidenced by several oligomer series containing more than one triol per
molecule, especially for the higher mass oligomers. For example, in the 11-mer series,
ions corresponding to [(5A +5B + T)Na]+ at m/z 1638.6, [(5A + 4B + 2T)Na]+ at
m/z 1612.7, [(5A + 3B + 3T)Na]+ at m/z 1587.1 and [(5A + 2B + 4T)Na]+ at m/z 1560.0
are all observed.
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Figure 3-8: ESI mass spectrum of the highly branched polyester 6.

peak heights are used as a measure of the abundance of different species as discussed in Appendix D.
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3.3.2 Transesterification
In addition to the principal esterification reactions, a number of side reactions such
hydrolysis and transesterification may occur during syntheses by condensation
polymerisation.8 Transesterification reactions involve nucleophilic attack of the diol
oxygen on the carbonyl carbon of an ester linkage, as shown below in Scheme 3-1.

OH OH

HOOG~VSAO

I
H

C=0

^

HOOOwwO—C=0

I
+

O
OH

H—O

OH

Scheme 3-1: Transesterification reaction.6
In most of the formulations examined, such reactions would have no perceivable
effect on the final polymer chains, as these exchange reactions only occur on ester
linkages between discrete monomer units and therefore do not change the sequence
of monomers in the polymer chain. The HPHP diol monomer (B), however, which is a

component of several of the polyesters examined here, itself contains an ester linka
that results from the condensation of a diol (D) and a hydroxy-acid (C) component
during synthesis as shown in Scheme 3-2.

CH3 O

CH3

I ||

I

HO-C—C—C-OH + HO-C—C—C-OH
H2 |
H2 | H2
CH3
CH3
Hydroxypivalyl hydroxypivalate

-4sP
•

CH3 O

Cl-b

| ||

|

HO-C—C—C-O-C—C—C-OH
H2 |
H2 | H2
CH3
CH3
(HPN)

Scheme 3-2: Formation of the HPHP monomer from hydroxy-acid and diol components.
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The ESI m a s s spectra of each of the polyester resins (i.e. polyesters 13, 15 and 23)
that contained this m o n o m e r showed clear evidence of transesterification. For
example, the ESI mass spectrum of polyester 13 (comprised of IPA, H P N and T M P
monomers) shown in Figure 3-9 displays peaks at m/z 461.3, 795.9, 1129.7, 1464.5
and 1800.2 corresponding to the [((x)A + (x)B + C ) N a ] + series. There were also
several ion series corresponding to the incorporation of the hydroxy-acid component of
H P N (C) into the oligomeric chains.

561.5

Figure 3-9: ESI mass spectrum of polyester 13 (A=IPA, B=HPN, C=hydroxyacid portion of
HPN, D=diol portion of HPN) showing evidence of transesterification during synthesis.
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3.3.3 Cyclisation
3.3.3(a) ESI-MS
Cyclic oligomers are frequently formed during the synthesis of condensation polymers
via self-condensation of acid and alcohol end groups. Cyclic species are not able to
contribute to cross-linking reactions since they have no end-groups in their structure,
and therefore high proportions of cyclics can significantly alter the final properties of
the paint coatings by changing the crosslink density of the polymer. Cyclic species m a y
be detected in the ESI mass spectra at 18 D a (i.e. loss of H 2 0 ) lower than the
corresponding linear species. Only linear m o n o m e r combinations with equal acid and
diol components, and therefore one acid and one alcohol end group, potentially have
corresponding cyclic species. If also follows, therefore, that m o n o m e r combinations
which result in oligomers with two alcohol or two acid end groups (for example the
((x)A (x + 1)B) or the ((x + 1)A (x)B) combination) are unable to form cyclic oligomers
due to the requirement of an acid and an alcohol group for esterification condensation
reactions.

The ESI mass spectra of many of the resins examined in this work displayed
moderately intense series of peaks 18 D a lower than series containing both acid and
alcohol groups such as [(x)A + (x)B]Na+ (see Table 3-3). To confirm that these cyclic
species are present in the sample and not artefacts arising from oligomeric
dehydration during ionisation or in the ion transport region of the ESI source, the ion
currents for a series of [((x)A + (x)B)Na]+ and [((x)A + (x)B - 18)Na]+ oligomers were
monitored over a range of sampling cone potentials. Figure 3-10 shows the ion current
versus

sampling

cone

potential

for the

species

[(3A + 3B)Na] +

and

the

[(3A + 3 B - 18)Na] + of polyester 24. The dependence on sampling cone potential of
each of the ions is very similar. If the m/z 864 ion w a s a fragment formed from the
m/z 882 ion in the intermediate pressure region of the source, it would be expected
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that the ion current for the precursor ion would decrease and the fragment ion intensity
increase on raising the sampling cone potential. These data, therefore, weigh against
the loss of 18 Da species being due to source fragmentation. Hence it is likely that
these "dehydrated" oligomers are present in these samples, probably as cyclic
oligomers formed during synthesis.** This has also been noted in previous studies of
polyester resins.7'9'10

Since cyclisation involves the formation of intramolecular bonds between end groups,
steric influences of the constituent monomers will affect the conformation of the
polymer chain and hence the propensity for cyclic formation in a given resin formation.
Figure 3-11 shows the ratio of cyclic to open-chain species§§ calculated for all of the
polyester resins from the relative proportions of cyclic and open-chain species in the
ESI mass spectra. These data indicate there are significant differences for different
monomeric compositions, with polyester 20 having a very low proportion of cyclic
components and polyester 47 having the highest proportion of cyclic species.

As w a s noted in Section 3.2.2, dehydrated species were observed in the ESI m a s s spectra of polyester 20
obtained from acidified or lithiated solutions. In those cases, however, the dehydrated species were found
to increase relative to the intact oligomer on increasing the sampling cone potential and hence it is likely
that those ions do arise from in-source fragmentation.
open-chain refers to both linear and branched species
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Figure 3-10: Ion currents for the [3A + 3B]Na+ ion (m/z 882) and [3A + 3B - 18JN
(m/z 864) of polyester 24 versus cone potential.

0.000
polyester no.

Figure 3-11: Ratio of cyclic to open chain polyester species based on relative abunda
ESI mass spectra
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ESI mass spectra were also recorded for several polyester 47 formulations which were
synthesised under a variety of reaction conditions, such as in the presence or absence

of catalysis, and variations in synthesis time (if a higher average molecular weight is

desired, longer synthesis times are required). A large proportion of cyclic species wer
observed in the ESI mass spectrum of a polyester 47 formulation that was synthesised
over a 24 hour period, shown in Figure 3-12(a). These [(x)A + (x)B - 18)Na]+ oligomers
were represented by peaks at m/z 603.6, 894.1, 1184.6, 1474.7, 1765.1 and 2055.4,

which constituted the strongest peaks in the spectrum. Although these cyclic oligomers
were also clearly observed in the ESI mass spectrum of the corresponding formulation
which was synthesised in 2.3 hours (shown in Figure 3-12(b)), they were much less
intense than the open-chain [(x)A + (x+1)B)Na]+ series observed at m/z 473.1, 763.9,
1054.4, 1344.8, 1634.8, 1925.6 and 2214.8.

Resins synthesised over a longer period of time were determined to have a much
higher cyclic content than those synthesised in a shorter reaction period. Hence, the
cyclic content of this polyester resin does appear to vary according to reaction
conditions.
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Figure 3-12: ESI mass spectra of polyester 47 synthesised for (a) 24 hours and (b) 2.3 hours.
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Because of the implications of high proportions of cyclic species in resins used for
paint coatings, their presence in crosslinked coatings was examined in some detail.
Firstly, different crosslinked coatings were analysed for cyclic species by examination

of solvent extracts (see Section 2.6.5 for details of extraction method). Figure 3-13 and
Figure 3-14 show ESI mass spectra of the extracts of two cross-linked coatings, one
from polyester 47 which was found to contain high proportions of cyclic species (Figure
3-14(b)), and one from polyester 20 which displayed much lower proportions of cyclic
species (Figure 3-13(b)). The spectra of these extracts were compared to the spectra
of the corresponding uncross-linked resins (i.e. Figure 3-14(a) and Figure 3-13(a)
respectively). The ESI mass spectrum of the extract from the polyester 20 is similar to

that of the uncross-linked resin, indicating that no one type of species is preferentiall
cross-linked.

There were, however, marked differences between the extracts from polyester 47 and
the uncross-linked resin. As noted above, polyester 47 apparently contains a high
proportion of cyclic species. The ESI mass spectra show that the cyclic species
observed in the spectrum of the resin at m/z 603.5, 894.0, 1184.6 and 1475.2, are the
only species observed in the extracts of the cross-linked coating. This observation
leads to the suggestion that cyclics comprise the majority of species which have not
undergone cross-linking reactions in coatings formed from this resin (these results are
analysed further in Section 6.3.2).
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Figure 3-13: ESI mass spectra of polyester 20 (a) uncross-linked resin, (b) extract of
crosslinked coating.
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3.3.3(b) Fourier Transform Infrared Analysis
To investigate further the presence of cyclic species, Fourier transform infrared (FTIR)
spectra were obtained for both the coating extracts and resin samples of polyester 47
and polyester 20. In these spectra, shown in Figure 3-15 and Figure 3-16,
characteristic polyester absorption peaks 167 are observed at 3530 cm"1 for the O H
stretch of unreacted hydroxyi end groups, at 2960 and 2973 cm"1 for the aliphatic C H
stretch, and at 1731 cm"1 for the ester carbonyl stretch.

On comparing the FTIR spectra of polyester 47 and polyester 20 resins to the extracts
of their cured coatings, one would expect to observe a reduction in O H (end groups)
absorbance relative to C H (polymer backbone) for samples that are enriched with
cyclic species. For polyester 20, the ratio of O H to C H peak heights (OH/CH) w a s 0.23
for the resin and 0.20 for the coating extract. For polyester 47, however, the O H to C H
ratio dropped from 0.60 measured for the resin spectrum to 0.14 for the coating
extract, in which case the O H stretch is barely discernible. These results correlate well
with the ESI mass spectra for these samples (discussed above) which indicate that
predominantly cyclic species are extracted from coatings of polyester 47 compared to
those of polyester 20.
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Figure 3-15: FTIR spectra of polyester 20 (a) uncross-linked resin, (b) extract of crosslinked.
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Figure 3-16: FTIR spectra of polyester 47 (a) uncross-linked resin, (b) extract of crosslinked
coating.
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3.3.3(c) Molecular Modelling
Molecular modelling w a s also employed in an attempt to examine the influence of
individual m o n o m e r s on the propensity for cyclic formation (details of these
calculations are given in Section 2.5). According to statistical mechanics of chain
molecules,168 the relative concentrations of cyclic species consisting of x units depend
on the occurrence of the end groups at a suitable distance for bond formation, and
hence for closure of the ring. The probability of their occurrence depends in first
approximation on the average squared end-to-end distance of the chain.168 The
concentration of various cyclic species at equilibrium are thus related to the geometry
and configurational statistics of the chain.

Molecular modelling is a tool enabling one to simulate ensembles of polymer
configurations in a bulk amorphous state. The simulated statistical ensembles can then
be analysed to calculate the end-to-end distance distributions as well as average endto-end distances of resins which were grouped into four categories i.e. very low, low,
medium and high cyclic proportions, based on the proportions of cyclics detected in
their ESI m a s s spectra (shown in Figure 3-11). Linear (3A + 3B) oligomers were
modelled for six polyesters for which the probability distribution functions P(r) of the
end-to-end distance (r) were calculated. Plots of these distribution functions are shown
in Figure 3-17.

From these data, two features were found to correlate with the ratios of cyclic species
observed in the ESI m a s s spectra, namely the existence and height of short distance
peaks in the probability distribution function, and the overall width of the distribution of
probabilities. These results are summarised in Table 3-4. For example, for polyesters
with high and medium proportions of cyclics, such as polyester 47, 72, 21 and 73, the
peaks occur at low values of r (<4.5 A).

130

Chapter 3

b) Polyester 70

a) Polyester 21
0.10

0.17

P(l)

P(l)

0.0

0.0

5.5I

0.0

0.0

39.5

i

If

Distance (A)

Distance (A)

c) Polyester 20

d) Polyester 73

0.12

0.10

P(l)

P(l)

0.0

39.5

0.0

0.0

39.5
Distance (A)

e) Polyester 47

Distance (A)

0.0

39.5
Distance (A)
f) Polyester 72

Distance (A)

Figure 3-17: Calculated probability distributions for the end-to-end distance for 3A3B oligomers
of (a) polyester 21, (b) polyester 70 (c) polyester 20 (d) polyester 73 (e) polyester 47
(f) polyester 72.
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For polyesters 4 7 and 7 2 (containing high proportions of cyclics) the overall distribution
is relatively narrow, indicating that the oligomers are generally more compact
compared to the other polyesters. For polyesters 73 and 21, which had m e d i u m
proportions of cyclics, the peaks in the distribution also occur at low r values but the
overall distribution is wider. In addition, peaks observed at short end-to-end distances
are less intense for those oligomers than for those of polyesters 4 7 and 71, indicating
smaller quantities of oligomers with short end-to-end distances. T h e occurrence of the
first peaks at greater r values (5.5 A), combined with narrow distributions, appears to
correlate with low proportions of cyclic species (polyester 70), whereas for the
polyester with very few cyclics (polyester 20), the first peak occurred at 8.5 A.

Table 3-4: Summary of correlation between abundance of cyclics observed in ESI mass spectra

and the probability distributions of end-to-end distances determined by molecular modelling for a
range of polyesters resins.

Polyester Abundance of cyclics Probability distribution of end-to-end distances
observed in ESI mass
pf .
spectra
''
47, 71

high

first peaks <4.5 A, overall distribution narrow

73, 21

medium

first peaks <4.5 A, overall distribution wider

70

low

first peaks <4.5 but <5.5A, overall distribution narrow

20

very low

first peaks >5.5A

T o investigate further the importance of low end-to-end distances, the probability
function for each resin w a s integrated up to 6 A. This quantity gives an average
probability for the existence of oligomers with end-to-end distances less than 6 A.
These values correlate reasonably well with the proportions of cyclic oligomers
determined from the ESI m a s s spectra of the polyesters, as s h o w n in Figure 3-18. It
can be seen, however, that although for polyesters 4 7 and 7 2 modelling predicted a
relatively high proportion of cyclics, which is in agreement with the ESI results, the
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average value of the short (<6A) end-to-end distance probability is higher for
polyester 72 than for polyester 47. This result can be explained by the fact that the
higher value for polyester 72 w a s obtained due to more intense peaks at 4.5 and
5.5 A, while for polyester 47, peaks exist at 2.5 and 3.5 A (though less intense than
those of polyester 72 at longer distances). These peaks at shorter values of r indicate
that there is hydrogen bond formation between the end groups of polyester 47, i.e. the
cyclisation reaction will be facilitated via the initial H-bonding. Therefore, higher cyclic
concentration can be expected from polyester 4 7 compared to polyester 72. This
observation indicates that for estimation of cyclic formation, the shape of the
distribution should always be considered and not just the averaged probabilities of the
short end-to-end distances.

•r2 integrated to 6A (end-end dist.)

• ESI (cyclic/open chain ratio)
0.400
0.350
0.300 |
0.250 O "O
C S>
0.200 a. §3
O CO

20
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polyester number

72
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0.150 ]| "§
0.100 §>
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Figure 3-18: Ratios of cyclic species determined from ESI mass spectra of polyester resins
compared to the integral of the probability of end-to-end distances <6 A.

In summary, these results indicate the existence of a relationship between the steric
influences of monomeric constituents on molecular end-to-end distances and the
propensity for formation of cyclic species in polyester resins. T h e probability of end-toend distances less than 3.5 A (H-bonding distance) appears to be significant in the
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formation of cyclic species, indicating that cyclisation reactions are probably facilitated
by initial H-bonding. This information has demonstrated the utility of molecular
modelling to predict the relative probability of cyclic formation for different m o n o m e r
combinations in polyester resins, as well as to gain a fundamental understanding of
cyclic formation mechanisms at the molecular level.

3.4 Calculation of Resin Properties

3.4.1 End Group Analysis
Another important structural feature of polyesters that are to be formulated into paint
coatings is the proportion of alcohol versus acid end groups. Polyester paint resins are
usually synthesised to provide predominantly hydroxy-functional species, since
hydroxyi groups react more readily with certain crosslinkers to form bonds that are less
susceptible to hydrolysis than those formed from carboxyl groups. Since ESI-MS
enables the identification of the m o n o m e r composition of oligomers present in the
polyester resin (described in Section 3.2.3), the ratio of diol to di-carboxylic acid
monomers in these oligomers can be used to determine their end-group functionality.
Linear polyester chains have two end groups which m a y be both hydroxyi or both
carboxyl or, alternatively, one of each. Oligomers which incorporate a tri-functional
branching agent (such as T M P ) will have three end groups for which there are four
possible combinations, i.e. three hydroxyi-, three carboxyl-, two hydroxyl-one carboxyl,
or two carboxyl-one hydroxyi. ESI m a s s spectra of all the polyester resins were
analysed to determine the nature of oligomer end-groups and their relative proportions
in the polyester resins."* End-group calculations were incorporated in the polymer
***
As with the estimation of cyclic species, the underlying assumption is that each of these species has the s a m e ESI
response.
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analysis spreadsheet (shown in Appendix B). Results of these end-group analyses for
polyesters 20, 6 and 37 are shown in Figure 3-19.

I polyester 37
I polyester 6
I polyester 20

10

20

30
40
50
Relative Intensity (%)

60

70

80

Figure 3-19: Number and type of end groups versus relative intensity in ESI mass spectra for
three polyester resins.

Polyester 20 w a s formulated to have an excess of hydroxyi end groups. This feature
is reflected in the end group analysis data since the di-hydroxy end groups are most
abundant, with a small amount of hydroxy-carboxylic end groups and no dicarboxylic
end groups detected. Branching is also evident in this resin in the form of trihydroxy
and some tetra-hydroxy groups. Polyester 6 was also formulated to produce excess
hydroxyi functionality combined with a high degree of branching (high TMP content).
The data for polyester 6 revealed correspondingly low levels of carboxyl functionality
with very small proportions of hydroxy-carboxylic, di-carboxylic and dehydrated
hydroxy-carboxylic groups. Large proportions of hydroxyi functional end-groups were
detected as di-, tri-, tetra- and hexa-hydroxy species. The highly branched nature of
the resin was reflected in the large amounts of di- to hexa-functional molecules
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detected. Polyester 37 w a s formulated with equal amounts of diol and diacid
monomers and no branching agent. This is reflected in the proportions of end groups
detected for this resin, since a high proportion of carboxy functional molecules were
identified in the form of di-carboxy, carboxyl-hydroxyl and dehydrated carboxylhydroxyl end groups. The slight excess of hydroxyi groups noted for this resin may
either be an indication that some of the acid monomer is lost during synthesis, or a
consequence of the diacid being less reactive than the diol.

3.4.2 Comparison of Synthesis Data to Data Obtained by ESI-MS
Since ESI mass spectra of the polyester resins displayed a range of oligomeric
structures, the monomer proportions and relative peak intensities of these structures
can be used to determine a number of properties for the resins which can in turn be
compared to properties normally projected from synthesis data (as shown in
Appendix B). Such properties include average molecular weight, acid value, hydroxyi
value, carboxyl/molecule hydroxyl/molecule, functionality/molecule and
branches/molecule. Table 3-5 shows a comparison of values based on synthesis data
with those calculated from the ESI mass spectra for three of the polyester resins (i.e.
polyesters 20, 6 and 37). When overall monomer proportions were compared to those
used in the synthesis of these resins, the proportions of diol detected by ESI were
higher in each case, while the proportions of triol and dicarboxylic acid were lower than
the percentages (mol/mol) used in synthesis of these resins. This may be an indication
of differences in monomer reactivities causing preferential reaction of the diol
monomers, or may arise from variations in monomer loss during synthesis due to
greater volatility of the triol or diacid.
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Alternatively, species with carboxyl endgroups m a y have a lower ESI response, as
these structures would be more hydrophilic and have lower desorption rates compared
to the molecules with hydroxyi endgroups (see Section 5.2.1). This effect, however, is
likely to be small, based on the observation of approximately equal ratios of structures
with hydroxyi endgroups compared to those with carboxyl endgroups for polyester 37
(see Table 3-5), which w a s formulated to contain equal amounts of diol and diacid.

polyester 6

polyester 20

polyester 37

Syn.*

ESIf

Syn.*

ESIf

Syn.*

ESIf

% Diacid
% Triol
Hydroxy/Molecule

47
48
5

55
43
2

35
48
17

45
43
12

50
50
0

52
48
0

2.72

2.08

4.78

2.74

1.00

Carboxy/Molecule

0.27

0.1

0.27

0.03

1.00

1.35
0.29

Functionality/Molecule

2.99

2.18

5.05

2.78

2.00

1.64

Branches/Molecule

0.99

0.18

3.05

0.82

0.00

0.00

Resin Properties
% Diol

* properties calculated from synthesis data
t properties calculated from electrospray mass spectra
Table 3-5: Comparison monomer proportions and average values relating to polymer
functionalities determined from ESI mass spectra compared to those used in and calculated
during resin synthesis for polyesters 20, 6, and 37.

Other properties of the polyesters that are usually projected from synthesis and
molecular weight data are averages of carboxyl groups, hydroxyi, functionality and
branching per molecule. These values, calculated from ESI m a s s spectra for the three
resins in Table 3-5, all follow the s a m e trends as the values projected from the

synthesis data, although they are consistently lower. The significant proportion of cyclic
oligomers detected in the ESI mass spectra, however, would make the actual hydroxyi
or carboxyl groups per molecule less than the projected values due to the absence of
end-groups in these structures. Also, data projected from synthesis parameters require
average molecular weights for their calculation and uncertainty in this figure would
affect these calculations (see Chapter 4).
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3.5 Conclusions

Optimum conditions for the analysis of polyester resins by ESI m a s s spectrometry

were found to vary significantly from those frequently used for the analysis of biologica
molecules. Acetone was substituted for the usual methanol/water mixture for both the
solvent stream for the instrument and for sample preparation. Low concentrations of
sodium salts (typically 1.2 mM) were also added to the sample solution, and higher
sampling cone potentials were applied during the acquisition of ESI mass spectra.
These optimised conditions resulted in ESI mass spectra for the polyesters with
improved signal-to-noise ratios, and reduced the multiplicity of peaks by the exclusive
formation of sodium adducts. Concentration of the ion current for each oligomer into
one adduct also allowed the observation of less intense peaks which were previously
masked by multiple adduct formation.

Structural characterisation of the components of paint resins is important for the
development of coatings with improved durability and performance. The ESI mass
spectra of 25 different polyester paint resins were obtained, and revealed both singlyand doubly-charged ions from a range of different oligomeric structures. These
structural assignments were confirmed by tandem mass spectrometry in many cases
and assisted by the creation of a Microsoft Excel™ spreadsheet and macro which
automatically assigned monomer combinations to peaks in the ESI mass spectra for
resins of known monomer composition.

Structural features identified from the ESI mass spectra of polyester resins included:
branching, evident by incorporation of triol monomers; transesterification, observed
only for the polyesters containing the HPN monomer; and cyclisation, inferred from the
presence of peaks 18 Da below oligomers bearing both hydroxyi and carboxyl

Chapter 3

138

endgroups. T h e relative proportions of cyclic oligomers were found to be enriched in
the ESI mass spectra of extracts of cured coatings, confirming that these species are
unable to react with crosslinkers to form a high molecular weight network polymer
during the curing process. Differing reaction conditions were also found to affect the
proportion of cyclic oligomers formed. With polyester 47, for example, longer reaction
times resulted in higher concentrations of cyclic oligomers. Steric influences of
different monomeric compositions on the propensity to form cyclics were investigated
by molecular modelling of the end-to-end distances of structures likely to form cyclic
oligomers. Proportions of cyclic oligomers detected in ESI mass spectra were
correlated with probability functions for oligomers adopting conformations with defined
end-to-end distances for a range of polyester resins. These molecular modelling
results indicated that the shape and position of the probability function in the 0 - 5.5 A
region can be used to qualitatively predict the likelihood of cyclic species forming
during synthesis. Furthermore, that these data and the data from FTIR analyses
correlate well with the data on relative proportions of cyclic species obtained by
ESI-MS suggests that the relative response of cyclic versus open-chain species in ESI
is not significantly different. Therefore, ESI-MS can be used to measure the relative
proportions of cyclic oligomers in different polyester resin formulations.

Identification of the range and relative abundance of different oligomeric species in the
resins also allowed the calculation of endgroup properties such as the average number
of hydroxyi or carboxyl end groups per molecule, the number of branches per molecule
and the functionality per molecule. These properties are normally projected from
synthesis parameters which rely on end-group titrations for molecular weight
determination, and do not compensate for monomer loss that occurs at the high
synthesis temperatures. Although much of the information obtained from these
calculations will be affected to some degree by the mass discrimination effects
discussed in Chapter 4, they show the breadth and depth of information which can be
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extracted from ESI m a s s spectra where individual polymer species are identified.
Future development of the technique so that the molecular weight distribution is
accurately represented would provide validation of these calculations.
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Chapter 4

Molecular Weight Determination of Polyester
Resins by Electrospray Mass Spectrometry
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4. INTRODUCTION
In the study of factors influencing electrospray ionisation mass spectrometry (ESI-MS)
of polyesters (Chapter 3), shifts in the relative intensities of oligomer ions were found
to accompany changes in cone potential in the electrospray ion source. This introduces
uncertainties into average molecular mass determinations for polymer distributions.
Similar shifts have long been recognised to occur in the multiply-charged distributions
of proteins and other biomolecules.99'105 For multiply-charged distributions of a single or
few species, this has no consequence for calculation of molecular mass. In the case of
polymers, however, the mass distributions are of major concern, and understanding
the shifts in relative intensities becomes critically important. The effect of sampling
cone potential on the mass spectra of peptides and proteins has been reported.105
Where similar effects have been reported for polymers, they have been attributed to
charge stripping of multiply-charged species.42 In the case of polyesters, the ESI mass
spectra show predominantly singly-charged ions, in which case a charge stripping
mechanism cannot be involved. Hence the effects of sampling cone potential are
examined in some detail here.

In order to gauge the effect of changes in sampling cone potential in a comprehensive
manner, apparent number average molecular weights (M'n) and polymer ion currents
(PIC) have been calculated from the ESI mass spectra of several polymers, measured
under a range of conditions. Because of the high level of uncertainty associated with
determination of M'n from ESI mass spectra (as will be outlined here), apparent
number average molecular weights (hereafter denoted M'n) are used to highlight the
effects of sampling cone potential and the use of different cations on observed
distributions. This does not imply that these are the true M'n values for these samples.
Data from a limited number of peptides are also presented here for comparison, and
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mathematical modelling has also been employed in an attempt to rationalise the
observed variations.

4.1 Molecular Weight Calculations
As described in Chapter 3, the analysis of polyesters by ESI-MS has allowed the

identification of individual oligomeric species in the polyester resins. If the peak heig
of each of these species can be directly correlated to the abundance of each species
identified, then the spectrum provides the polymer molecular weight distributions.
Using this information, apparent number average molecular weight (M'n) and weight
average molecular weight (M'w) values are easily calculated from Equations 4-1 and
4-2 (derived from Equations 1-1 and 1-2 given in Chapter 1) using relative peak
heights* as a measure of molecular abundance (N|). The mass of the oligomer (Mi in
Equations 1-1 and 1-2) is now derived from the m/z value of the ion (Mm/Z), the number
of cations attached to the ion (n) and the mass of the cation (Mcat).

<rn(Mmlz-nMcat)Ni

M'n = y

v^

Equation 4-1

it 2>,
M w= 2J V 1 — /
\—
i=o2,n(Mm/z-nMcat)Ni

Equation4-2

For these calculations to be used with confidence, however, the correlation between
peak heights and molar abundance must be firmly established. The optimisation

studies (see Chapter 3) have shown significant variations in the distribution of polymer
species observed by ESI mass spectra with differences in the applied sampling cone
potential. Nonetheless, for the work described here, M'n and M'w values were used to

See Appendix D for a comparison of the use of peak heights versus peak areas.

Chapter 4

144

provide an estimate of the molecular weight distribution observed under the defined
conditions. In addition to these calculations, polymer ion currents (PIC) were obtained
by summing the intensity of all polymer peaks detected in a particular spectrum. These
values were used as a measure of the overall intensity of the polymer spectrum; the
total ion current (TIC) was not used because of a high degree of variability of lowmass, solvent-related peaks.

Representative M'n, M'w and polydispersity (MV M'n) values were calculated for each
of the polyester samples at the sampling cone potentials which corresponded to the
greatest PIC values. These values are listed in Appendix D. Repeat analyses were
also performed in order to determine the reproducibility of average molecular weight
values from ESI mass spectra. The calculations of standard deviation values and 95%
confidence limits are also shown in Appendix D. These molecular weight
determinations displayed good reproducibility, with the 95% confidence limits being
calculated to be +/-1.79% from 12 mass spectra of polyester 20 recorded at the same
cone potential (100 V).

4.2 Singly-Charged Synthetic Polymer Distributions
Figure 4-1 shows the ESI mass spectrum of polyester 20 recorded with a sampling
cone potential of 50 V, compared to the ESI mass spectrum of the same sample
measured with a cone potential of 175 V. This sample was prepared in a solution of
90% aqueous acetone which was also 12 mM sodium acetate, and therefore the peaks
observed in these ESI mass spectra correspond to the sodium adducts of several
different oligomer series, structural assignments of which are detailed in Table 3-3. It
should be noted, however, that the ESI mass spectra of polyesters show
predominantly singly-charged species.
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Comparison of the spectrum recorded at 50 V (Figure 4-1 (a)) to the spectrum recorded
at 175 V (Figure 4-1 (b)) reveals significant changes in the distribution of oligomers
varying the applied cone potential. At a cone potential of 50 V, the most intense peak
is observed at m/z 733, corresponding to the [(2A + 3B)Na]+ oligomer; the calculated
M'n was 888 and M'w was 1133. When the spectrum of this polymer is recorded with a
cone potential of 175 V, the major oligomeric species is m/z 1016 and the calculated
M'n and M'w are 1140 and 1336 respectively.

These effects were investigated in more detail by calculating M'n and PIC for spectra
acquired at cone potentials from 25 to 200 V, in 25 V increments. These data, shown
in Figure 4-2(a), indicate a steady increase in M'n with cone potential, confirming the
trend that is obvious from the spectra in Figure 4-1, i.e. that higher masses are
observed when higher potentials are employed (above a certain potential). The PIC
curve displayed a maximum value at 75V, implying that ion losses were a minimum at
this potential.
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Figure 4-1: ESI mass spectra of polyester 20 measured with a cone potential of (a) 50 V(b)
175 V.
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Figure 4-2: (a) Number average molecular weight (M'n) and (b) Polymer ion current (PIC)

calculated from the ESI mass spectra of polyester 20 measured a range of cone potentials.

To probe further the origins of the observed dependence of cone potential on
polyester resin ESI mass spectra, ion currents for five individual oligomers of
polyester 20 were also measured over a range of cone potentials. These results,
given in Figure 4-3 and summarised in Table 4-1, show that ion currents for higher
mass oligomers optimised at progressively higher cone potentials. The range over
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which the lower m a s s ions were observed w a s also narrower than that observed for
the higher mass ions. For example, the ion current for [(A + 2B)Na]+ oligomer (i.e. the
m/z 451 ion) peaks at 75 V, and the shape of this curve is also much narrower than
that for the [(5A + 6B)Na]+ oligomer, which peaks at 162 V.

50

100
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200
Cone Potential (V)

250

300

350

Figure 4-3: Ion currents of individual, singly-charged polyester ions m/z 451, m/z 733,
m/z 1015, m/z 1298 and m/z 1581 measured over a range of cone potentials.

Table 4-1: Sampling cone potential at which maximum ion currents are observed for individual
singly-charged ions of polyester 20 (data from Figure 4-3).

Ion

Ion Structure

(m/z)
[(A + 2B)Na]+

451
733

[(2A + 3B)Na]+

1015

[(3A + 4B)Na]+

1298

[(4A + 5B)Na]+

1581

[(5A + 6B)Na]+

Cone potential for
optimum ion current

75
112
125
145
162
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4.3 Multiply-Charged Synthetic Polymer Distributions
The majority of ions detected in the ESI m a s s spectra of the polyester resins were
singly-charged, with only s o m e low intensity doubly-charged species observed. Hence,
to enable investigation of the influence of charge state on cone potential dependence
and molecular weight calculations, a number of narrow molecular weight polyethlyene
glycol (PEG) standards (Mn 600, 960, 1470) were examined over a range of different
cone potentials.

For example, Figure 4-4 shows the ESI mass spectra of PEG 1470 measured at three
different cone potentials. P E G has a small repeat unit of 44 D a (compared to ~ 200 300 for the polyesters) which resulted in much more closely spaced peaks in the
spectra. Distributions of multiply-charged species are also observed at much higher
relative intensities than with the polyesters, due perhaps to the higher density of
charge sites provided by the large numbers of ether groups in P E G resulting from the
small repeat unit. Singly-charged species are observed in the m/z 1000 to 2000 region
with peak spacing of m/z 44, doubly-charged oligomers appear at m/z 22 intervals in
the m/z 500 to 1000 region, and triply-charged species are observed from 500 to 700
at m/z 14.7 intervals.

As with the polyester resins, the distributions of PEG oligomers in the ESI mass
spectrum were observed to vary according to changes in the applied cone potential. In
the P E G spectrum recorded with a cone potential of 60 V (shown in Figure 4-4(a)), the
low m/z, doubly- and triply-charged species are much more intense than the higher
m/z, singly-charged ions. This situation is reversed when the cone potential is raised to
160 V. At this potential, the singly-charged species dominate the spectrum, shown in
Figure 4-4(b), and the low m/z, multiply-charged species are not observed.
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Figure 4-4: ESI mass spectrum of PEG 1470 measured at cone potentials of (a) 60 V and (b)
160 V.
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M'n and PIC values were also calculated over a range of cone potentials for the three
PEG standards. Figure 4-5 shows the results for the PEG 1470 standard. M'n and PIC
were calculated separately for each charge distribution, and also added together to
give a cumulative result. The PIC curve for PEG reached an optimum in a fashion

similar to the polyester resins. The M'n values, however, show relatively little variatio

in comparison to those observed for the polyesters. This is in part due to the relativel
narrow m/z distributions of PEG oligomers, which mean the effects of any mass

discrimination on the observed distribution are less significant than with the polyester
which cover a wide mass range (i.e. the so-called polydispersity of the polyesters is
greater). Ion currents of individual PEG ions were also monitored over a range of cone

potentials in order to investigate the relationship of mass and charge with regard to th
cone potential phenomenon previously observed in the polyester samples. A summary
of these results is given in Table 4-2.

The PEG data also enables comparisons of ion current optimisation curves with
various combinations of mass and charge state to be made. Figure 4-6(a) shows a
comparison of PEG ions with the same charge state (singly-charged) but varying
masses. The higher mass ions optimised at higher cone potentials and had wider
optimisation curves, in a manner similar to the singly-charged individual polyester
oligomers shown in Figure 4-3. Examination of ions of varying charge state and m/z
values (Figure 4-6(b)) showed similar dependencies of these ions on cone potential,
although the triply-charged m/z 484 in Figure 4-6(b) has a sharper optimisation curve
than the corresponding singly-charged m/z 482 ion in Figure 4-6(a). From an

inspection of the optimum cone potentials for the various ions in the different spectra,
seems that the optimisation of ions in the same charge state appears to be dependent
on m/z, whereas with ions of different mass and the same charge, optimisation occurs
according to (m/z)1/2.

ter 4

152

a)

2100
2000
1900
1800
c 1700
:> 1600
1500
1400
1300
1200

j
------

50

75

100

125

150

175

200

Cone Potential (V)

b)
Na+
2Na+
3Na+
cumulative
o
Q.

50

75

100

125

150

175

200

Cone Potential (V)

Figure 4-5: (a) M'n and (b) PIC values calculated from the ESI mass spectra of PEG 147
measured at a range of cone potentials.

Table 4-2: Details of PEG ions monitored over a range of cone potentials.
m/z of
ion

charge state
(no ofNa+ attached)

Oligomer
Mass

M„of
Standard
Used

Cone potential for
Optimum Ion Current

481

1+

458

600

80

745

r

722

600

100

1010

+

987

960

110

1428

1470

100

1383

1470

70

737
484

i
2+
3+
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Figure 4-6: Individual PEG oligomers of (a) same charge state and different masses,
varying charge state and masses, measured over a range of cone potentials.
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4.4 Multiply-Charged Peptides
The relative proportions of singly- versus multiply-charged peptide ions observed in
the electrospray spectra have previously been found to depend on both solvent
composition and on cone potential.105 Figure 4-7 shows the relative intensity of
[M + H]+, [M + 2H]2+ and [M + 3H]3+ ions for the peptide kemptamide versus cone

potential in a solution of pH 2.5. Ions with lower m/z values optimised over a nar

range and at a lower potential than the higher m/z ions. For example, the [M + 3H]+

ions, with an m/z of 258, optimised at 25 V and were observed over a range of 35 V.
The [M + 2H]2+ ions, with an m/z of 386, optimised at 40 V with a range of 60 V, and

the [M + H]+ ions, with the highest m/z of 772, optimised at 90 V with a range of 9

100 4

20
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80
Cone Potential (V)

• m/z 772 (1 +) -•- m/z386 (2+)

100

120

140

•m/z 258 (3+)

Figure 4-7: Ion Current for singly-, doubly- and triply-charged ions of Kemptamide mea
various cone potentials.

This has been attributed in the literature to the effects of collisional activation of the
ions as they are accelerated through the intermediate pressure region of the ion
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source. Ions were thought to lose charge as the cone potential increased the energy
and frequency of collisions with background/bath gas molecules.42

These results, however, are analogous to the results for the singly-charged polyester
ions given in Figure 4-3, perhaps suggesting that the effect observed is dependent on
both the mass and charge of an ion, rather than the charge or mass alone. The exact
dependence of ion current upon cone potential does differ, however, between multiplycharged ions of a single mass (Figure 4-7) and singly-charged ions of multiple masses
(Figure 4-3). As was the case with polyesters, the optimum cone potentials for the
various ions of the peptides with the same mass and different charges vary
approximately with m/z (i.e. linear dependence).

4.5 Instrumentation
The mass spectrometer (VG Quattro™) used in these studies incorporated an
electrospray ionisation source with a quadrupole mass analyser. A schematic
representation of this source is shown in Figure 4-8(a). To assess the likely magnitude
of any effects due to peculiarities of the source design, polyester samples were run on
a similar instrument with a different source design. This instrument (Quattro II™,
shown schematically in Figure 4-8(b)) incorporated a hexapole lens between the
sampling cone and the skimmer in the intermediate region of the ion source, in order to
improve the transmission of ions through the source. The latter source provides
superior sensitivity, however the results obtained (shown in Figure 4-9) demonstrated
exactly the same trends with variations in cone potential.

The polyesters were also analysed with an ESI-magnetic sector instrument
(Autospec™, shown schematically in Figure 4-8(c)) in order to determine if any
potential mass discrimination due to the quadrupole mass analysers had any bearing
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on the distribution of oligomers observed in the m a s s spectra of these samples. Again,

the results obtained with this instrument for the polyester samples were similar to thos
obtained with the quadrupole instruments. A comparison of number average molecular
weights for the polyester sample, determined using the three different ESI instruments
over a range of cone potentials, is given in Figure 4-9. Cone potentials are expressed
as a percentage of the maximum setting, as the sector instrument utilises much lower
voltages (100 V maximum) than the quadrupole instruments (250 V maximum). The
results are in good agreement, as the same characteristic changes in oligomeric
distributions were observed with variations in applied potential for each of the
instruments, indicating that these trends are not dependent on the mass analyser type

or small differences in source design. It is also worth noting that similar variations w
cone potential have been reported for quite different configurations such as capillaryskimmer sources on both magnetic sector and quadrupole instruments.42
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Figure 4-9: Comparison of number average molecular weight (M'n) determined for polyester 20

over a range of cone potentials on three different ESI instruments (Quattro, Quattro II
Autopsec electrospray mass spectrometers).
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4.6 Mathematical Modelling
The applied done potential exerts its influence in the intermediate pressure region
between the sampling cone and the skimmer (see Section 1.4.2(b)). To elucidate the
effects of changes in cone potential, the ion transport in this region of intermediate
pressure was analysed. Gas dynamics and ion mobility calculations upon which the
following discussion is based are detailed in Appendix E. These calculations were
performed in collaboration with Dr Mike Belov and Professor Peter Derrick of the
University of Warwick, UK.

4.6.1 Gas Dynamics
In the ESI source, the jet expansion of air from the nozzle of the sampling cone
entrains the analyte ions and, because the pressure between the sampling cone and
the skimmer is relatively high, the stream of air in which the analyte molecules are
entrained is accompanied by the formation of shock waves, the so-called Mach disk
and barrel shock. The Mach disk lies perpendicular to the direction of beam axis and
separates the region of jet expansion from the region in which the motion of gas
molecules drops to subsonic velocities. If the skimmer was positioned so that it
penetrated the Mach disk, the beam carrying the analyte ions could be sampled from
the undisturbed inner region of the jet (known as the "zone of silence").90 In the case of
the ESI sources used in this study, calculations of gas dynamics in the expansion
region (shown in Appendix E) have indicated that the skimmer was set significantly
beyond the Mach disk as depicted in Figure 4-10. It was found that the overall region in
which the ions move in a jet of air molecules was 8.7 mm (distance of the Mach disk
from the nozzle plus the thickness of the disk). The distance between the sampling
cone and the skimmer in the ESI source (i.e. VG Quattro™ ) was 20 mm. Therefore,
the ions move almost half of their way to the skimmer in a supersonic jet of air
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molecules, while the rest of the w a y they drift along the lines of a n electric field in
rarefied background gas with a substantially subsonic velocity which is governed by
their mobilities regardless of the previous velocity distributions acquired in the jet.

sampling cone

residual gas

barre) s h o c k

Mach disk
region of drift

disk of a
specific
heavy ion
viscous
layer
sonic plane

virtual source

skimmer

jet boundary
. i.

Figure 4-10: Schematic diagram of gas expansion in the intermediate pressure region of an ESI
source.

In the jet region between the sampling cone a n d the M a c h disk, the degree of
deflection of an analyte ion in the direction orthogonal to the beam axis is determined
by collisions both the background gas and by its perpendicular translational
temperature. Both collisions and this temperature are affected by the mass and charge
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of a given analyte. The position of the disk where the motion of an analyte drops to
zero (zsonic(m><l)) was calculated for PEG ions of m/z 482, m/z 745 and m/z 1010.
These values were found to be 6.38 mm, 6.12 mm and 5.78 mm respectively. The
effect of the lower maximum velocities of heavier ions is opposed by the effect of
slower deceleration, but overall the former predominates. The radii of disks at which
the velocities of the m/z 482, m/z 745 and m/z 1010 ions drop to sonic were calculated
to be 1.79 mm, 1.62 mm, and 1.52 mm respectively (based on a Mach disk radius of
5.4 mm). The general finding is that the heavier singly-charged ions have smaller
angles of divergence and are decelerated at shorter distances from the cone (i.e.
further from the skimmer). Qualitatively, the heavier ions acquire less velocity in
collisions with air molecules and their velocities from perpendicular temperature are
less. Thus their angular distributions are narrower, compared to lighter ions.

After passing through the Mach disk, the electrospray ions drift towards the skimmer
under the influence of the electric field between the cone and the skimmer.
Considering the plane-to-hyperboloid geometry of the electric field lines in the Mach
disk/skimmer region, this motion is governed by Equations E-19, E-20 and E-21 given
in Appendix E.

Based on the complete model described in Appendix E, the optimum focusing voltage
of any specific analyte was used to calculated the focusing conditions of the whole set
of polymer ions detected using Equations E-19, E-20 and E-21. For the singly-charged
PEG ions of m/z 482, m/z 745 and m/z 1010 (see Figure 4-6), the optimum potentials
calculated were 92, 100 and 110 V, respectively. These values are in good agreement
with experimental results (i.e. 80, 100, 110 V).
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4.6.2 Ion Mobilities
Ions of the same mass but different charge (see Figure 4-7) expand in the same solid
angle as each other in the supersonic jet and decelerate over the same distances
within the Mach disk. This is because the velocity component and the gas-dynamics
terms are independent of charge. Thus, these ions drift according to their ion mobilities
from the same area in the Mach disk. Their ion mobilities are then a function of the
charge on the ion as given by Einstein's relationship (Equation E-22).

It therefore follows from Equations E-19, E-20 and E-21 that ions of the same mass
but different charge are focused in proportion to their mass-to-charge ratios, in
agreement with the experimental trends. The optimum focusing potentials for the
singly-, doubly- and triply-charged molecule ions of kemptamide were calculated to be
92 V, 46 V, and 31 V respectively, which is in good agreement with the experimental
values of 90 V, 40 V and 25 V (see Figure 4-7).

4.6.3 Summary

In summary, the effect of cone potential on relative intensities of protein ions of similar
mass but different charge produced in the electrospray ion source has been attributed

in the literature to a number of factors, particularly charge stripping42 but also collision
induced dissociation (CID).89 CID has not been observed for the compounds in
question at the cone potentials being considered. One possibility that needs to be
considered is that CID processes in the intermediate pressure region generate
fragment ions that are not recovered and therefore not detected (for example, small
charged fragments or cations may have a large angular divergence following
dissociation169). Such a process could be mass dependent because the energy
available during collision is inversely related to mass.163 If this were the case, however,
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w e would expect a steady decrease in the absolute intensities of the oligomeric ions
with increasing cone potential. That the summed intensities of polymer ion currents in
Figure 4-2(b) have a maximum at intermediate cone potentials is good evidence that
an increase in fragmentation is not a likely explanation. We are also not aware of any
evidence that proton transfer to N2 molecules would be a high probability process, and
the collision energies are too low for charge transfer by the takeup of electrons to be
plausible.170

The effect of cone potential on relative intensities of polymer ions of different relative
masses but the same charge (Figure 4-6) has been found to be qualitatively similar to
that observed with protein ions (Figure 4-7), but there are significant differences (a
square-root dependence of focusing potential on m/z in the polymer case, and a firstorder dependence in the protein case). Calculations based on these two massdependent effects correlated well with the experimental results. For the singly-charged
PEG ions, the optimum potentials calculated by our model were in agreement with
experimental results.

Therefore, it is proposed that the observed dependence of relative ion intensities upon

cone potential is satisfactorily explained as an ion optical effect, arising as an indirec
consequence of the gas dynamics. The radii of the ion beams at the Mach disc are
mass-dependent, with the radii being smaller for the larger masses. The distances
over which the ions drift under the influence of the focusing electric field are also
mass-dependent, being greater for the larger masses. These mass dependencies
result in higher potentials being required to optimally focus the higher masses, when
the ions all have the same charge as is the case with the distributions of polymer ions.
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Influence of Cations on Apparent Molecular Weight
Distributions

The addition of alkali metal salts to polyester resin samples to assist in cationisation
during ESI m a s s spectrometric analysis w a s explored in Section 3.2.2. In an extension
of these studies, the relative responses of various adducts to changes in cone potential
have also been studied in s o m e detail. Figure 4-11 shows both M' n and PIC values
calculated for samples of polyester 20 prepared with the addition of lithium, sodium,
potassium and caesium iodide salts to the sample. All four samples displayed
characteristic increases of M' n with cone potential (shown in Figure 4-11(a)). The
positions of these curves, however, were observed to vary systematically with the
mass of the alkali metal in question. Cations with higher molecular weight appear to
produce higher M' n curves even though these M' n values were corrected for the m a s s
of the cation.

Based on the discussion in preceding sections, one would expect heavier cations to
produce lower M' n because attachment of the cation creates ions of higher masses in
the spectrometer. These adducts should require a greater applied potential to focus
them, compared to the s a m e species complexed with a lighter cation. Since the mass
of the cation is subtracted during the calculation of M' n values (see Equation 4-1), this
effect would result in depression of the M' n curve. That systematic increases are
observed in the position of the M' n curves on increasing the m a s s of the cation, m a y
possibly be due to variations in cation affinities for oligomers of different mass. The
greater ionic radii of the heavier cations m a y be more efficient at interacting with the
larger, higher molecular weight oligomers, increasing their relative abundance and
shifting the molecular weight distribution observed in the ESI m a s s spectrum toward
higher masses. A similar effect w a s reported by Ngoka et a/.171 w h o suggest that the
size of the cation plays a significant role in determining the relative stability of various
ions. These researchers suggested that oligosaccharides, which contain ample
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numbers of hydroxyi groups, would favour larger cations since these provide greater
stabilisation of the resulting ions.

The PIC versus potential curves (shown in Figure 4-11(b)) were also found to optimise
at similar cone potentials regardless of the alkali metal salt used in the analysis. The
ion currents, however, varied according to the alkali metal cation used.+ Increases in
PIC were observed with cations of decreasing mass. This may be due to increasing

strength of electrostatic attraction for cations with smaller atomic radii, so that there are
fewer fragmentations due to loss of the cation.

Thus the apparent increase in M'n values observed for higher mass oligomers may
reflect the greater tendency of the lower mass adducts of the larger cations to
fragment (e.g. by loss of a cation). That is, on comparing say sodium and caesium
adducts, the apparent relative increase in M'n for caesium adducts arises not so much
from an increase in the abundance of higher mass ions, but rather from a
disproportionate decrease in the abundance of the lower mass ions, so that the overall
PIC for caesium adducts is lower.

One final point to note is that for all of the alkali metal cations studied here, the shapes
of M'n versus cone potential curves vary with cation type, as evidenced by the
crossover of the four curves in the region of 50 - 70 V. This is perhaps evidence that
different cations change the balance between the two mass-dependent effects
described in Section 4.6. The downward trend observed for several of the curves in the
25 - 70 V cone potential region is possibly due to the greater scattering of lower mass
ions during the jet expansion. If lower mass ions are scattered more than heavier ones,
they will require greater cone potentials to focus them through the skimmer orifice,

The PIC for lithium was not included because the sample was run on a separate day - this has
influence on the M'n, but does not allow reliable comparison of PIC.
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therefore resulting in an overall lowering of M' n values with increases in cone potential.
As seen in Figure 4-11, this is only a minor effect, although as expected, it is
intensified by the attachment of lighter cations. The second mass-dependent effect is
the slowing of higher mass ions at greater distances from the skimmer orifice. More
massive ions thus require higher potentials for focusing, resulting in larger M'n values
at higher cone potentials. As seen in Figure 4-11, this is the major effect displayed in
the M'n versus cone potential curves, and as expected, it is intensified with the
attachment of heavier cations.
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Figure 4-11: (a) M'n and (b) PIC values calculated at various cone potentials from

mass spectra of polyester 20 prepared with the addition of lithium, sodium, potass
caesium iodide salts to separate samples.
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4.7.1 Relative Affinities of Cations

Further investigations of the relative affinities of cations for polyesters were conducted
by adding equimolar ratios of sodium acetate and caesium iodide salts to the polyester
sample. Figure 4-12 shows the ESI mass spectra of polyester 20 which was prepared
in this manner and recorded over a range of cone potentials. In the spectrum recorded
at a cone potential of 25 V, shown in Figure 4-12(a), the caesium adduct ions of
m/z 561.3, 843.6, and 1125.8 dominated the spectrum. The spectrum recorded with
the cone potential raised to 175 V (Figure 4-12(c)), however, is clearly dominated by
sodium adduct peaks of m/z 605, 733, 1015 and 1297. Application of an intermediate
cone potential of 75 V (Figure 4-12(b)) produced a spectrum in which sodium and
caesium adducts were observed in roughly equal proportions.

From these results it can been seen that the apparent relative affinity of these two
cations for the polyester oligomers varied with the applied potential. At low cone
potential caesium adducts were more abundant, whereas at high cone potentials
sodium adducts dominated the spectrum. This variation in relative affinities may be
indicative of the fact that caesium, with its large ionic radius, has more surface area
interaction with a greater number of oxygen atoms on the polymer molecules. As
discussed above, at lower voltages the caesium cations have greater affinity with the
polyester oligomers. The sodium ions, however, have a smaller ionic radius which
would exert a stronger electrostatic interaction, preventing the adduct ion from
dissociating due to higher energy collisions in the intermediate pressure region at
higher cone potentials.
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Figure 4-12: ESI mass spectra of polyester 20 prepared with equimolar quantities of sodium

acetate and caesium iodide, measured with cone potentials of (a) 25 V (b) 75 V and (c) 175 V
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4.7.2 Counter-ions of Alkali Metal Salts

Polyester samples were also prepared with a variety of sodium salts in order to
determine whether counter-ions present in solution exert any influence on the
molecular weight distribution of adducts observed in the ESI mass spectrum of
polyesters. Separate solutions of polyester 20 were prepared with acetate, iodide and
bromide salts of sodium. Figure 4-13 shows the M'n values which were calculated for
these samples from their ESI mass spectra, measured at a number of different cone
potentials. These samples all produced similar spectra and consequently, similar
trends in M'n values with variations in cone potential were also observed. The curves
converge at several points and the m a x i m u m difference of m/z 100 is within the
accuracy of the experiment (see Section 4.1). These results show that the interaction
with the counter-ion has a negligible effect on the desorption of the ions from the
droplet surface, perhaps even supporting the suggestion that the adducts are
preformed in solution prior to desorption/ejection into the gas phase.
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Figure 4-13: M'n values calculated from the ESI mass spectra of polyester 20 measured over a
range of cone potentials for samples prepared with sodium acetate, sodium iodide and sodium
bromide.
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4.7.3 Concentration of Cations

To investigate the effects of changes in the cation concentrations on the molecular
weight distribution observed in the ESI mass spectra of polyesters, a range of samples
were prepared containing sodium acetate at concentrations which varied by a factor of
ten. Figure 4-14 shows M'n values calculated from the ESI mass spectra of
polyester 20 samples prepared in this manner and measured over a range of cone
potentials. These results show that variations in concentration directly influence the
molecular weight distribution observed in the ESI mass spectra as increasing cation
concentrations were accompanied by higher values of M'n at each cone potential
examined. This effect may be explained in terms of the ion desorption mechanism
proposed by Iribarne and Thomson,93 where ion desorption rates are said to depend
on the droplet surface charge density. According to the theory, ion formation occurs
when solvation forces holding the ion to the evaporating droplet are overcome by lifting
forces, due to the interaction of attached charges and the field at the droplet surface.
Higher concentrations of sodium ions at the surface of the evaporating droplet in the
ionisation source would serve to increase repulsive forces on the desorbing ion and
assist in the ionisation of analyte ions. As higher molecular weight ions experience
greater solvation forces, they are likely to reflect these changes in surface charge

density to a greater extent. A practical limit imposed on cation concentrations is that i
the sample contains very high levels of salt, the polymer becomes less soluble.
Furthermore, certain cations (caesium in particular) displayed abundant salt clusters at
high concentrations, which complicates the ESI mass spectrum and may interfere with
the observation of polymer distributions.
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4.8 Conclusions
ESI-MS allows the identification of polymer species without significant fragmentation,
and therefore has the potential for the direct determination of molecular weight
distributions and average molecular weight data for polymers. For this to be possible,
the relative intensities must accurately represent the relative proportions of each
polymer species. Shifts in the relative abundances of oligomer ions have been found to
accompany changes in the cone potential in the electrospray source. Further studies of
the effects of cone potential on the relative intensities of singly- and multiply-charged
ions have revealed that ion currents for individual masses optimise according to m/z,
whereas ions of the same mass and different charges optimise according to (m/z)1/2.
Analysis of ion transport in the expansion region (where the cone potential has effect)
revealed that these effects were due to mass-dependent processes in the jet
expansion, which cause lighter ions to expand to disks of larger radii and decelerate
over longer distances in the Mach disk. Subsequently, in the drift region after the Mach
disk, ion mobility is a function of charge. The combination of these two effects
accounts for the complex dependence of optimum cone potential on mass and charge.

Therefore, it is concluded that at this stage, molecular weight distributions cannot be
determined directly from the ESI mass spectra of polymers, especially for those with
large polydispersities. There is scope, however, for the combination of ESI and SEC to
introduce the polymer sample into the mass spectrometer as lower polydispersity
fractions and also to compensate for differences in sensitivity to different masses (this
will be discussed in more detail in Chapter 5).

The combined effects of cone potentials and the nature of cations on the molecular
weight distributions observed in ESI mass spectra of polyester resins were also studied
in some detail. The variables considered included a range of alkali metal cations,
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counter-ions, and cation concentrations. From this work several trends were apparent.
Larger cations were observed to have a greater affinity for larger polyester oligomers,
causing higher M'n values to be obtained for polyesters which were cationised with
heavier cations. This effect was also attributed to the greater relative abundance of
caesium to sodium adducts in ESI mass spectra obtained with low cone potentials. It
was also suggested that smaller cations provide a more intense electrostatic

interaction with the polyester due to their smaller atomic radii. This effect could account
for the greater PIC values obtained with smaller cations and the greater relative
abundance of sodium adducts compared to caesium adducts observed in ESI mass
spectra obtained at high cone potentials.

Raising the cation concentrations increased the M'n values calculated for polyesters
over a range of cone potentials. This was probably due to the concomitant increase in
surface-charge density assisting the desorption of larger oligomers from the charged
droplets formed during ionisation. Variations in the alkali metal counter-ions had no
significant effect on M'n or PIC values, supporting the notion that adducts are
preformed in solution prior to ionisation.

Chapter 5
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5. INTRODUCTION
Electrospray ionisation (ESI) and matrix-assisted laser desorption ionisation (MALDI)
together represent the most significant recent developments in ionisation techniques
for m a s s spectrometry (as noted in Chapter 1). In general, there have been relatively
few applications of these techniques to synthetic polymers, however at this stage there
has been a significantly higher number of reports of M A L D I - M S than ESI-MS for
polymer analysis. In this study of polymeric paint components, the majority of analyses
were conducted using ESI-MS, as described in Chapter 3. This work would, however,
be incomplete without inclusion of a comparative study of ESI-MS and M A L D I - M S for
the analysis of the resins examined here.

Size exclusion chromatography (SEC) is one of the most widely utilised107 classical
techniques for polymer chemists due to its capacity to provide information (albeit
relative) regarding molecular weight distributions. In this work it w a s planned to
ultimately couple ESI-MS and S E C , however time precluded that aspect of the work.
Recently several reports of polymer characterisation by ESI-MS and M A L D I - M S have
also featured S E C as a m e a n s of comparison to assess the viability of polymer
molecular weight determination by these m a s s spectrometry techniques.10'107'130,144
S E C provides a m e a n s of preparative separation for mass spectrometry which, in turn,
has been used for calibration of S E C chromatograms. Molecular weight distributions
obtained by all three techniques are presented and compared here.

5.1 Analysis of Polyester Resins by Matrix-assisted Laser
Desorption Ionisation M a s s Spectrometry
The complete set of polyester resins (twenty five in all) studied by ESI-MS (see
Chapter 3) w a s also subjected to analysis by MALDI-MS. Despite the fact that there
have now been a number of synthetic polymers studied by M A L D I - M S , selection of the
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best matrices and operating conditions is still largely by trial and error. Therefore the
influence of both laser power and the choice of matrix was examined here in detail to
determine the optimum conditions for analysis of polyesters.

5.1.1 Selection of Matrices
The review of the literature in Chapter 1 highlighted a number of matrices which had
been used successfully for the analysis of polymers, including a number of polyesters,
by MALDI (summarised in Table 1-7). Of these matrices, a number were tested here to
determine their suitability for analysis of the polyester paint resins under study. These
matrices included: 2,5-dihydroxybenzoic acid (DHB), nitroanthracene doped with silver
nitrate (NA + Ag), 2-nitro phenyl octyl ether (NPOE), t-indoleacrylic acid (TIAA),
sinapinic acid (SA) and 2(p-hydroxyphenylazo)benzoic acid (HABA). No spectra were
obtained using NA + Ag, NPOE or SA, and although polyester spectra were observed
using HABA, the peaks were usually very weak and accompanied by significant matrix
interference. Hence, of the matrices tested, only DHB and TIAA were found to provide
satisfactory spectra for the polyester resins examined here.

Figure 5-1 shows the MALDI mass spectra for polyester 20 in TIAA and DHB matrices.
In both spectra the base peak at m/z 1016 corresponds to the [(3A + 4B)Na]+ oligomer.
The peak of highest mass in the TIAA spectrum was at m/z 3265 (i.e. the
[(11A+11B + T)Na]+ oligomer), whereas the peak of highest mass in the DHB
spectrum was at m/z 2978 (i.e. the [(10A + 10B + T)Na]+ oligomer). In both spectra the
polyester ions were observed by sodium cation attachment exclusively; this occurred

without the addition of any inorganic salts to the matrix. Addition of sodium salts did not
significantly enhance the quality of the spectra, and addition of other alkali metals
resulted in spectra with a mixture of adducts. As it was clear that no benefit was
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derived (in contrast to ESI) from the addition of cations to these samples, they were
not used for any subsequent analyses.

Further considerations for sample preparation included the selection of solvents for
both sample and matrix and the method of deposition of the sample and matrix on the
laser target. The usual preparation of samples in a DHB matrix involves dissolution of
both the matrix and the sample in an acetone/water (40/60) solution which is then
applied to the target surface and dries to present the sample molecules embedded in a

crystalline matrix (this method will be referred to as co-deposition). The solvent mixture
used in this preparation, however, was not ideal for the polyester samples as the high
water content led to problems with sample insolubility, as evidenced by cloudiness of
the matrix/sample solution prior to application on to the laser target. Attempts to
prepare the matrix/sample solution in 100% acetone or THF solutions were thwarted

by problems of matrix insolubility in these solutions. This incompatibility of matrix and
sample solubility properties was eventually overcome by separate preparation and
application of sample and matrix solutions to the target. The matrix solution was
prepared using the acetone/water (40/60) solvent and then applied to the target and
dried. The sample solution, prepared in 100% acetone, was then applied on top of the
prepared matrix surface (this method will be referred to as sequential deposition).
Similar difficulties were not experienced during preparation of the samples with TIAA,
since this matrix is readily soluble in solvents such as acetone and THF.

Sample preparation was found to be of prime importance for obtaining reproducible
MALDI mass spectra. The preparation of crystalline matrix/sample preparations
concentrated on the target area required a fair degree of operator skill. The use of
organic solvents with little or no aqueous content provided more suitable conditions for
sample solubility, although these solvents created difficulties for sample placement on
the target area due to the low surface tension of the solvent. Hence the use of larger
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Figure 5-1: MALDI mass spectra for polyester 20 recorded in (a) t-indoleacrylic acid (TIAA),
(b) 2,5-dihydroxybenzoic acid (DHB) matrices.
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target areas and application of smaller volumes of solution were found to provide more
accurate deposition of the sample solution to the target area.

5.1.2 Sample Concentration
Concentration was another important aspect of sample preparation for MALDI
analyses, as an excess of matrix is necessary for the prevention of laser light
absorption by sample molecules. With the D H B (sequential) matrix preparation a range
of sample concentrations was examined while the matrix concentration was held
constant at 0.1 M. Sample concentrations of 10"1, 10"2 and 10" 3 M were tested on matrix
substrates prepared with equal volumes of matrix solution (i.e. 1 pL of matrix solution
applied and dried, then 1 pL of sample solution applied). Whereas the 10" 2 M
preparation gave much more intense ion currents than the 10" 3 M preparation, when a
10"1M concentration was used the results obtained were irreproducible. Thus the
optimum sample concentration w a s determined to be 10" 2 M mixed in a 1:10 ratio with
0.1 M matrix solutions.

5.1.3 Effect of Laser Power on Molecular Weight Distribution
The effect of altering the laser power w a s also investigated with both D H B and TIAA
matrices. W h e n D H B w a s employed, the samples were prepared by both co-deposition
(from an acetone/water solution) and sequential deposition of matrix and sample
solutions as described above. With TIAA the samples were prepared by co-deposition
only. For each experiment conducted over a range of laser power intensities, the
height of the most intense polymer peak (polymer base peak) w a s used as a measure
of the intensity of the spectrum. Average molecular weights were also estimated at
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each laser power using the Kratos Kompact processing software to determine the
number average molecular weight (Mn) of the most intense polymeric series, which in
each case was the [((x)A + (x+1)B)Na]+ series (see Section 3.3).

Figure 5-2 shows the base peak intensity (in mV) and Mn determined for polyester 20
with TIAA and DHB matrices in the manner described above. These data show that for
samples prepared in a TIAA matrix, the most intense ion currents were obtained with a
power setting1" of 115, whereas DHB gave optimum results at 140 for both the
co-deposition and sequential deposition techniques. Average molecular weights
determined from the spectra with the most intense peaks were in reasonable
agreement, with TIAA giving Mn values of 1114 - 1159 Da, DHB (co-deposition) 1090 1130 Da and DHB (sequential deposition) 982 - 1054 Da. Although samples prepared
with DHB by sequential deposition techniques yielded lower Mn values, they did,
however, yield spectra with the best signal-to-noise ratios.

Samples prepared in DHB by either sequential or co-deposition yielded similar Mn
results, however more intense ion currents were obtained when using the sequential
deposition technique, which is perhaps due to the fact that more of the sample is
solubilised and therefore more sample is deposited on the laser target (although one

would expect that if significant issues of solubility were encountered, higher molecul
weight species would be less soluble, thus lowering Mn values).
In summary, then, based on the experiments described above, the optimum conditions
for analysis of the polyester sample were determined to involve deposition of a 10"2M
sample solution onto pre-dried DHB matrix on the laser target. The samples were
irradiated at a laser power setting of 140 to obtain reproducible spectra.

Laser power is expressed in arbitrary units as the actual power produced at each setting varies from
instrument to instrument according to the age of the equipment and the alignment of the optics.
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Figure 5-2: (a) Intensity of the polymer base peak and (b) number average molecular weight

(Mn) determined polyester 20 prepared in t-indoleacrylic acid (TIAA) and 2,5-dihydroxybenzo

acid (DHB) matrices, and analysed by MALDI using a range of laser power settings (in arbitra
units, see text).
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5.2 Comparison of ESI and MALDI Data

5.2.1 Mass Spectra of Polyesters
The complete series of polyester samples that had been examined by ESI-MS were
also analysed by MALDI-MS. Figure 5-3 shows a comparison of the MALDI and ESI
mass spectra of polyester 22. In each case the polymer base peak is at m/z 848, which
corresponds to the [(3A + 4B)Na]+ oligomer, and the major ion series is
[(x)A + (x+1)B]Na+. Minor ion series of [((x)A + (x)B + T)Na]+, [((x)A + (x)B - 18)Na]\
and [((x)A + (x)B)Na]+ are also observed in both spectra. These data show that similar
polyester ions are detected by both MALDI and ESI, that both techniques produce ions
by sodium cation attachment, and furthermore that the major ion series and in most
cases the polymer base peaks correspond.

In the MALDI mass spectrum (Figure 5-3(b)) it appears at first glance that the range o
higher mass oligomers observed is greater, however careful examination of the ESI
mass spectrum (Figure 5-3(a)) reveals that in this case, these higher molecular weight
species are detected as multiply-charged ions. For example, the highest mass polymer
ion in the MALDI mass spectrum (Figure 5-3(b)) is observed at m/z 3071.5 (ie. the
[(12A+11B + 2T)Na]+ oligomer), whereas the highest m/z value in the ESI mass
spectrum is seen at m/z 2049.5 corresponding to the [(8A + 9B)Na]+ oligomer. There
are, however, doubly-charged ions in the ESI mass spectrum, so that the highest mass
species detected by ESI is the [(12A + 12B + T)2Na]2+ oligomer at m/z 1531.8, which
corresponds to an oligomer mass of 3017.6 (with 46 subtracted for the mass of 2Na).
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The differences in the high m a s s ions detected with the two techniques appear to
relate to differences in sensitivity to branched species (discussed below), since the
highest mass in the MALDI mass spectrum is only 30.6 mass units greater than the
highest doubly-charged species in the ESI mass spectrum.

There were some slight differences between the two spectra, however, especially in
the relative abundance of the minor ion series. The most notable differences are that
the [((x)A + (x)B + T)Na]+ ion series is much more abundant in the MALDI mass
spectrum, whereas the [((x)A + (x)B - 18)Na]+ cyclic series is slightly more abundant in
the ESI mass spectrum.

These small variations in intensity of the minor ion series may be related to differences
in the mechanisms of ion formation between the two techniques. As discussed in
Chapter 1, the specific mechanisms for ion formation by either of the techniques are
not completely clear, although it has been proposed121 that with MALDI, the ions are
formed by ejection of sample molecules in a plume from the solid sample, following
rapid sublimation of a microvolume caused by electronic excitation of the matrix
substrate. Cation attachment is thought to occur subsequently in the gas phase.
Molecular conformation should therefore have little effect in this desorption process.

The ESI process, however, is likely to involve ion formation in solution and desorption
of ions from the surface of charge-bearing droplets. It has been suggested98 that the
desorption process depends on the balance of lifting forces (repulsion between
charged molecules and the charged surface of the droplet) and solvation forces
(attractive forces, surface tension and van der Waals forces). Lifting forces must be
greater than solvation forces for an ion to desorb from the droplet surface, and
therefore the ability of an ion to escape the droplet is increased by its ability to carry
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charge (i.e. the strength of interaction with the cation) and decreased by solvation
forces.

Examination of the results reveals that the cyclic species are enhanced in the ESI
mass spectra, leading to the suggestion that they may have stronger interactions with
the cation than the linear or branched species. Indeed, the more compact conformation

of the cyclic species would provide a greater concentration of ester linkages to interact
with the cation. Furthermore, branched species are apparently reduced in the ESI
mass spectrum, suggesting that these species may have weaker interactions with the
cation. Alternatively, the hydroxyi end groups may increase the solvating forces on the
molecule, holding it to the droplet and decreasing the frequency of desorption for these

species. In this respect, the cyclic molecule would have less solvation forces, as it has
no end-groups to increase solvation compared to the branched species which bear
three hydroxyi groups per molecule.

In order to probe these possibilities in more detail, the dilute solution conformations
(used for modelling dilute solutions) of cyclic, linear and branched structures were
modelled using a rotational isomeric state Metropolis Monte Carlo (RMMC) method.
Although polymer chains may adopt a large number of conformations in solution, the
probability of the molecule adopting certain conformations will depend on torsional

rotation restrictions (for example, the restriction of rotation due to bulky side chains)
and electrostatic and Van der Waals interactions between atoms. Statistical
calculations were performed to generate the most probable conformations for cyclic
(3A+3B-18), linear (3A+3B) and branched (2A+2D+T) oligomers of polyester 22. The
typical conformations of these oligomers are shown in Figure 5-4. The radius of
gyration (Rg) obtained by averaging over the generated conformations describes the
volume occupied by a molecule. Rg values were determined to be 4.78A for the
(3A+3B) cyclic structure, 5.66A for the (2A+2D+T) branched structure and 6.29A for
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the (2A+3D) linear structure. These results confirm that the cyclic molecules do have
significantly more compact conformations than the open chain species, even with one
extra monomer compared to the open chain structures. As suggested above, these
more compact structures may interact more strongly with the cation. The fact that the
branched structure is more compact than the linear molecule suggests that in terms of
the effects discussed above, solvation properties associated with the number and
nature of end groups have a greater effect on the relative desorption efficiencies than
cation binding efficiencies associated with molecular size.
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Figure 5-4: Typical conformations of cyclic, linear and branched oligomers of polyester 22.
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5.2.2 Molecular Weight Data
Average molecular weight data was calculated from the MALDI mass spectra for all of
the polyesters examined. The MALDI mass spectrometer (Kratos Kompact™) used in
this work was equipped with a data processing package which allowed the

determination of average molecular weight information by identification of two adjacent
peaks in the polymer ion series and nomination of the cation type. Although this
software provided an extremely convenient means of molecular weight calculation for
single oligomer series, it was of limited use for mixed monomer systems such as the

polyester resins here, which typically contained a minimum of four different oligomeric
series. While this could have been overcome by determining molecular weight data for
each series and calculating a weighted average, it proved more convenient to use the
Excel™ spreadsheets that had been developed for ESI-MS data processing. This also
ensured that an appropriate comparison was made between the two techniques;
furthermore, the spreadsheets are easily customised to accommodate a host of other
calculations such as degrees of branching, acid values, and monomer constituents. A
disadvantage of this approach was the amount of time-consuming data manipulations
made necessary by data transfer between two different operating systems, and the
manual checking of peak assignments.

Comparisons of average molecular weights calculated from ESI-MS and MALDI-MS
data are shown in Figure 5-5. These results are in good agreement, indicating that
detection of multiply-charged species by ESI-MS does compensate for apparent
differences in the masses observed by the two techniques.
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5.3 Size Exclusion Chromatography
Due to concerns regarding the occurrence of mass discrimination in the ion transport
region of the ESI mass spectrometer (discussed in Chapter 4), size exclusion
chromatography (SEC) was used for the preparative fractionation of the resins to
generate a series of lower polydispersity samples.

As discussed in Chapter 1, a number of groups have investigated the use of SEC in
conjunction with both MALDI and ESI mass analysis of polymeric samples. ESI has
been directly coupled with SEC for polymer molecular weight determinations.10,11,107 In
these applications, the ESI mass spectrometer provided an accurate means of
calibration of the SEC chromatograms, while chromatographic separation reduced the
spectral congestion of polymeric samples. Concerns over the accuracy of polymer
molecular weight determinations by MALDI for polydisperse samples have also fuelled
recent interest in combining MALDI with SEC. Unlike ESI, MALDI is not naturally suited
to online chromatographic coupling, however a number of studies have used SEC for
preparative separation to present polymeric samples in fractions of lower
polydispersity.130,144,149,156 Accurately determined molecular weights of these fractions
were then used to construct SEC calibration curves from which average molecular
weight values were determined.

By reducing the polydispersity of samples introduced into the mass spectrometer, SEC
fractionation provides a means of reducing mass discrimination in polymer molecular
weight determination whilst simultaneously indicating the relative proportions of the
sample represented by each molecular weight fraction.
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5.3.1 Fractionation by Size Exclusion Chromatography
A number of polyester resins were separated into ten molecular weight fractions by
S E C . Figure 5-6 shows the size exclusion chromatogram of polyester 20, which w a s
typical of the polyesters examined here. A refractive index detector w a s employed for
S E C . T h e intervals of the fractions collected are indicated by the vertical lines and
elution time is indicated on the x-axis. It should be noted that detection by refractive
index is proportional to m a s s rather than molar abundance of the polymer, and
retention time is related to molecular weight on a logarithmic rather than linear scale.
Furthermore, with S E C larger molecules elute first as they have a shorter path length
through the column, and thus the m a s s scale is reversed. These factors m e a n that
S E C does not accurately represent a molecular weight distribution unless a suitable
calibration is performed.

mm

Figure 5-6: Size exclusion chromatogram of polyester 20 showing times of fraction collection.
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5.3.2 Analysis of SEC fractions by ESI and MALDI
The fractions collected during the SEC separations were analysed by both ESI-MS and
MALDI-MS. Figure 5-7 and Figure 5-8 show the MALDI and ESI mass spectra for
polyester 20 fraction numbers four and ten. Of the ten fractions collected for
polyester 20, it was only possible to obtain mass spectra for fractions four to ten.
Average molecular weight data calculated from these spectra are shown in Figure 5-9.
Spectra could not be obtained from the first three fractions, possibly due to the low

concentrations of polymeric species in these fractions. Detection by refractive index is
related to weight fractions and, since the molecular weight of these fractions is much
greater than the subsequent fractions, the molar proportions of the sample contained
in the early fractions are actually much less than would be expected simply on the
basis of the chromatogram in Figure 5-6. Hence it is not surprising that no data was
obtained for the higher molecular weight fractions.

The data shown in Figure 5-9 demonstrate that although the Mn and Mw values
determined by ESI-MS and MALDI-MS for the SEC fractions display the same general
trends, the Mn values determined by MALDI-MS are consistently higher. These
differences are more pronounced in the later, lower molecular weight fractions. For
example, the Mn for the tenth fraction was determined by MALDI-MS to be 1339 Da
compared to a value of 679 Da determined by ESI, whereas analysis of the fourth
fraction produced Mn values of 2345 Da by ESI-MS and 2655 Da by MALDI-MS.
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Both techniques reveal slight increases in molecular weight in the last two S E C
fractions. It is interesting that in the S E C chromatogram, these fractions coincide with
two discrete peaks which are quite separate from the main polymeric distribution. This
m a y be due to the aromatic solvent (Solvesso 150) content of the polyester resin
sample which has been previously shown to elute at these retention times.* Since this
is an aromatic solvent, and polyester 20 is comprised of non-aromatic species, the
oligomers which are dissolved with this solvent will possibly have more compact
conformations and therefore have longer retention times on the size exclusion column
than those solvated in acetone. This is an example of effects which can cause
departures from linearity in S E C of polymers. These effects are potentially misleading,
and would not be disclosed with traditional m e a n s of detection.

private communication with E. Evans, BHP Research.
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The comparison of MALDI and ESI mass spectra for the lower molecular weight, tenth
fraction shown in Figure 5-7(a) and Figure 5-8(a), reveals that m/z 323 and m/z 451
ions are not detected in the MALDI mass spectrum but are major ions in the ESI mass
spectrum. This absence of low mass ions in the MALDI mass spectrum accounts for
the greater difference in Mn data seen in the later fractions.

Examination of spectra for the fourth fraction, shown in Figure 5-7(b) and (b), reve
once more that the detection of doubly-charged species in the ESI mass spectrum
means that the upper range of molecular weights detected for each sample is similar
for ESI-MS and MALDI-MS. The highest mass oligomer detected in the ESI mass
spectrum is the [(12A + 12B + T)2Na]2+ oligomer at m/z 1785, corresponding to an
oligomer mass of 3524, whereas the highest mass in the MALDI mass spectrum is the
[(14A + 14B +T)Na]+ oligomer detected at m/z 4106. The lower signal-to-noise ratio in
the ESI mass spectrum creates difficulties in detection of the [((x)A + (x)B)Na]+ and
[((x)A +(x-1)B + T)Na]+ series compared to the MALDI mass spectrum. These
differences in signal-to-noise ratio are probably due to the fact that more sample is
required for ESI-MS compared with MALDI-MS, which is inherently more sensitive (see
Chapter 1).

The multiplicity of peaks in the MALDI mass spectrum (Figure 5-8(b)) arises from the
detection of triol (TMP)-containing oligomers. The incorporation of TMP rather than
TMPD (diol) corresponds to a difference in 12 Da in oligomer mass. Larger polymer

chains have a higher probability of containing triol groups, and this is reflected in
MALDI mass spectrum. For example, [(7A + 7B + T)Na]+ is the most intense peak of
the 15-mers, whereas [(14A + 12B + 3T)Na]+ is the most intense peak of the 27-mers.
Fewer TMP-containing species are detected in the ESI mass spectrum, indicating once
more that ESI is apparently less sensitive to branched species (as discussed above in
Section 5.2.1).
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From comparison of spectra for fraction 4 with the spectra for the complete resin, it is
also apparent that separation of the higher molecular weight species enables detection
of larger oligomers. The largest oligomer detected in analysis of the complete resin is
[(10A + 9B + 2T)Na]+ (m/z 2996) by MALDI-MS and [(10A + 10B + T)2Na]2+ (m/z 1500)
by ESI-MS, whereas analysis of the SEC fraction enables the determination of
oligomers up to [(14A+13B +2T)Na]+ (m/z 4124) by MALDI-MS and
[(12A+12B + T)2Na]2+ (m/z 1783, equal to a mass of 3520 Da) by ESI-MS.

Furthermore, larger oligomers present in the first three fractions were also not detecte
in the ESI or MALDI mass spectra of the complete resin sample. These results indicate
the presence of mass discrimination or suppression of high mass ions in processes
occurring in both techniques. With ESI-MS, this is most likely associated with ion
focusing issues investigated in Chapter 4. Suppression of high mass ions in the
characterisation of polymers by MALDI was recently reported to be more a
consequence of sample preparation than of instrumental limitations.151 It was found
that the detection of high mass ions was particularly dependent on correct sample
concentration and the absence of impurities in the matrix and the solvent. Therefore,
failure to detect high mass polyester oligomers in the complete resin sample compared
to those detected in the high-mass SEC fractions may be due to differences in sample
concentration and the mass-dependence of optimisation procedures.

5.3.3 Molecular Weight Calculations

Calibration is one of the greatest difficulties associated with polymeric molecular wei
determinations by conventional SEC techniques. Well characterised, narrow molecular
weight standards are required to correlate retention times (or elution volumes) with
molecular weight. Difficulties arise, however, since separation is based on molecular
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hydrodynamic volumes rather than molecular weights. Therefore, a further requirement
for SEC calibration is that the standards have a similar chemical structure to the
analyte polymers, or that standards can be correlated by some absolute parameter

such as intrinsic viscosity (these difficulties are discussed in detail in Section 1.1.
The combination of SEC and mass spectrometry has the potential to circumvent these

difficulties in calibration either by direct measurement of absolute molecular weights,
by using mass spectrometry to construct calibration curves for SEC.

In this study, calibration curves were determined using retention time and log10(Mn)
values calculated from MALDI and ESI mass spectra of polyester 20 SEC fractions.
These curves are compared to a conventional SEC polystyrene calibration curve in

Figure 5-10. The last two SEC fractions did not appear to have a linear relationship to

retention time, possibly due to the fact that they do not appear to be part of the main
polymeric distribution (discussed above). For these reasons, data from these two

fractions were not included in either of the mass spectrometric calibration curves. Wit
these data excluded, a linear relationship between retention time (Rt) and log(Mn) was
observed for the results of all three techniques.

Both the ESI and MALDI calibrations were extrapolated to provide Mn values for the
first three SEC fractions, for which data were not obtained due to the limits of
sensitivity of the mass spectrometers as discussed above. The area under
chromatographic peaks represents the concentration (Ci) or weight fraction for each
SEC fraction. These values may be converted to percent mole fractions and plotted
against Mn values to graphically represent the molecular weight distribution of the
polymer, as shown in Figure 5-11.
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Figure 5-10: SEC calibration curves obtained hy MALDI-MS, ESI-MS and conventional
polystyrene standards.
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Figure 5-11: Molecular weight distributions of polyester 20 determined by SEC in co
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The molecular weight distribution determined by calibration of the chromatogram with

polystyrene standards is also shown in Figure 5-11. It must be borne in mind
that SEC separations are based on hydrodynamic volume, and the relationship

between hydrodynamic volumes and molecular weights will be different for the
polyesters compared to polystyrene. The mass scale for this distribution is

expressed in 'polystyrene equivalents'. The relationship between hydrodynami
and molecular weight may also be significantly different even for different

formulations, as it will be influenced by factors such as the extent of arom
the degree of branching and the proportion of cyclic oligomers contained in
polyesters.

The weight fraction (Ci) and Mn value (Mj) for each fraction can also be uti

alternative for calculation of average molecular weight data for the complet
using Equation 5-1 and Equation 5-2.9

M

= _,
"

Equation 5-1
lCi/Mi

YQMi
Mw = ^ ^

Equation 5-2

Table 5-1 lists values M n and M w values calculated in this manner for polyester 20

compared to those determined from ESI and MALDI mass spectra of the complete

resin. From these results, it appears that analysis of the complete resin by

spectrometric techniques results in some degree of discrimination against h

oligomers. In ESI-MS it may be due to differences in focusing as discussed i

4, whereas in MALDI it is more likely to be related to differences in optim

for sample preparation and laser power for different masses. In either case,
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appears to provide a m e a n s of correcting for m a s s discrimination effects by
determining the relative abundance of narrow molecular weight fractions of the

polymeric distribution. More accurate results could possibly be obtained with a highe
sampling frequency to provide even narrower molecular weight fractions, either by

collecting a greater number of fractions, or in the case of ESI, through direct coupl
of the size exclusion chromatograph to the mass spectrometer.

The Mw results obtained by SEC/MALDI may be erroneously low due to the absence of
low molecular weight species in fractions 8 to 10. This would have decreased the
gradient of the calibration curve, resulting in an underestimation of the molecular
weight of the high molecular weight fractions determined from the calibration curve.

This reduction in the estimation of high mass oligomers can be seen in the comparison

of molecular weight distributions (Figure 5-11) and would naturally impact most grea
on the polymer M w .

Table 5-1: Average molecular weight data for polyester 20 calculated from ESI-MS and

MS analysis of SEC fractions compared to analysis of complete resin by mass spectrometry
alone.

SEC/ESI

ESI

SEC/MALDI

MALDI

Mn

1804

1079

2218

1125

Mw

3749

1316

3199

1240
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5.4 Conclusions
The application of MALDI-MS and ESI-MS to the analysis of polymers has provided a
powerful new means of probing the many individual molecular structures present in
polymer samples. In addition to this, the experiments outlined above have also shed
some light on the differences in ionisation mechanisms for ESI-MS and MALDI-MS and
the difficulties associated with SEC calibration. Comparison of MALDI and ESI mass
analysis of the polyester paint resins showed that calculation of average molecular
weight data yielded similar results. Closer examination of the spectra revealed minor
differences in sensitivity for oligomers based on structural characteristics such as
cyclisation and branching, which may be related to differences in ionisation
mechanisms between the two techniques. Fractionation of the polyesters by SEC
enabled more detailed examination of the differences between the two techniques. The
reduced sensitivity of ESI-MS for branched species appears to slightly reduce the
detection of higher mass species, whereas MALDI-MS was observed to have reduced
sensitivity for masses <500 Da.

SEC characterisation of the polyester resins highlighted the limitations of this

technique, especially with regard to difficulties in calibration. The non-linearity of th
versus Mn curve constructed using mass spectrometric data suggests that SEC must
be used with caution, especially for samples containing low molecular weight species,
mixed polymers, or solvents of different polarity to that being used for the separation.
These initial investigations may also lead to the online coupling of SEC with ESI-MS for

polymer analysis in our laboratories, which was not possible in this initial study due to
limited access to equipment and requirements for fairly concentrated fractions of sizes
to allow for method development and correlation between the two techniques. These
studies will be undertaken at a later date when SEC and MALDI instruments are
acquired for this laboratory.

Chapter 6

Characterisation Of Additional Components In
Polyester Paints By Electrospray Mass
Spectrometry
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6. INTRODUCTION
While polyester resins represent the major organic component of polyester coil
coatings, the crosslinker and other organic constituents also have a significant role in
coating formulations. Furthermore, degradation products are of significance in studies
of coating durability. T h e ESI analysis of several crosslinkers, light stabilisers, whole
paint formulations and extractable components of cured coatings is described in this
chapter in work aimed at establishing the utility of the technique in a broader context in
coil coatings research.

6.1 Crosslinkers
Crosslinkers are highly functional resins (i.e. they contain many functional groups per
molecule) which react with hydroxyi and carboxyl endgroups on polyester oligomers
during the curing process. By joining together polyester chains, a durable coating
comprised of high molecular weight network polymer is formed from two lower
molecular weight resins. Melamine-formaldehyde and diisocyanate resins are the two
classes of crosslinkers most commonly used in polyester paint formulations.

Melamine and diisocyanate resins readily undergo self-condensation reactions during
both synthesis and the curing process (see Chapter 1, Section 1.2.2). The degree of
self condensation undergone by the crosslinker impacts on the formulation and
ultimate performance of the coating. A high degree of polymerisation (DP) raises the
resin viscosity leading to a greater solvent requirement to achieve the desired solution
viscosity. Monomeric crosslinkers m a y be used without the addition of solvents
because of their lower viscosity, although they are inherently more volatile, creating
significant health and safety issues. The D P of melamine resins also impacts on their
cure response and coating properties. Although the great structural variety of
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melamine resins is the key to their versatility, the complexity of these mixtures renders
their analysis a difficult task.21

6.1.1 Isocyanates
Diisocyanates readily undergo self-condensation reactions to form dimers and trimers
(isocyanurates). Monomeric diisocyanates are rarely used due to health and safety
concerns about their high toxicity and relatively high vapour pressure. Stable
isocyanurate structures formed during self-condensation also promote a higher degree
of crosslinking in the cured coating than the monomeric form. In order to prevent
crosslinking reactions occurring prior to application of the paint to the substrate, these
crosslinkers are usually reacted with low molecular weight, hydroxyl-bearing
constituents which are removed at the high temperature curing conditions.

Isophorone diisocyanate (IDPI) based crosslinkers are commonly used in polyester
paint formulations. Figure 6-1 shows the ESI mass spectrum of an IDPI resin blocked
with caprolactam in which sodium adducts of four main structural units can be
identified. These correspond to the sodium ions of diisocyanate structures with varying
degrees of self-condensation and blocking. The base peak at m/z 472 corresponds to
'monomeric' diisocyanate reacted with two caprolactam blocking groups, the structure
of which is given in Figure 6-2(a). Strong peaks at m/z 921 and 1030 are consistent
with the stable combination of three diisocyanate units, the latter peak indicating the
attachment of three blocking groups. This fully blocked structure is illustrated in Figure
6-2(b). The lower mass ion (m/z 921) indicates the presence of deblocking, with only
two blocking groups attached. Another pair of peaks at m/z 1478 and 1587 indicates
the presence of two isocyanurate rings by the combination of five diisocyanate units.
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The fully blocked structure (m/z 1587) is shown in Figure 6-2(c) and again, the lower
mass peak corresponds to loss of one of the four blocking groups.
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Figure 6-1: ESI mass spectrum of a isophorone diisocyanate resin blocked with caprolactam.

Several interesting points arise from analysis of the ESI m a s s spectrum of IDPI. Firstly,
the presence of a strong peak for the monomeric form is of concern, as the content of
this component in crosslinkers is supposed to be kept to a minimum for health and

safety reasons. In this spectrum, it appears to account for approximately 50 percent of
the sample. Time precluded the further analyses that would be needed to test that the
diisocyanate monomer is not preferentially ionised over the trimer and pentamer forms
or observed in the ESI mass spectrum as a consequence of fragmentation during
ionisation of the polymerised species.
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a)

Figure 6-2: Isophorone diisocyanate (a) monomer, (b) trimer and (c) pentamer, all fully blocke
with caprolactam.
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It is also interesting to note that with both the trimer and pentamer, the structure
bearing one free (unblocked) isocyanate group is more abundant than the fully blocked
structure. This is of concern as regards the stability of the paint formation, as the free
isocyanate groups may react during storage, resulting in a higher predisposition
towards gelation (solidification) of the paint.* Again, further studies would be necessary
to test the stability of the blocking groups during ionisation.

6.1.2 Melamine Formaldehyde Resins
The methylol derivatives of melamine are usually blocked by etherification with
alcohols to prevent premature reaction with the polyesters prior to application of the
wet paint. Resins blocked with either methanol or butanol are commonly used.
Butylated melamine formaldehyde provides greater compatibility with hydrocarbon
solvents,1 whereas methylated resins are more economical.

Amino resins such as melamine readily undergo two different self-condensation
reactions via the formation of methylene or methylene ether bridges. The general
structure for melamine-formaldehyde is shown in Figure 6-3. This illustrates the
monomeric form as well as two dimeric forms with methylene and methylene-ether
bridges. Amino resins may also bear a range of functional groups, i.e. the R group on
the generalised structure may be either H (imino), CH2OH (methylol) or CH2OR'
(alkoxymethylol).

*

Endgroups may also undergo unblocking reactions at room temperature, however this only occurs at a very
low rate.
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Figure 6-3: General formulae for melamine formaldehyde resins in (a) monomeric form and
dimeric forms displaying (b) methylene and (c) methylene-ether bridges.

Chapter 6

211

Each melamine resin contains a mixture of three types of functional groups which act as

reactive sites. The monomeric form bears six of these functional groups, melamine dime

ten, and trimers twelve. Melamine resins are therefore very complex mixtures, due to t

large number of combinations arising from the variety of possible functional groups. W

analysed by ESI-MS, the spectra of methylated and butylated resins were found to refle

the complexity of these resins. In the ESI mass spectrum of the butylated resin, shown

Figure 6-4, several distributions of ions were identified which corresponded to sodium
adducts of monomeric dimeric and trimeric melamine species. The large number of
combinations of functional groups and degrees of polymerisation, however, make peak
assignments extremely difficult. For example, the base peak at m/z 437 corresponds to
either of two melamine combinations, the monomer [(C3N6)(H)2(CH20H)(CH2OBu)3]Na+ or
the methylene bridged dimer [(C3N6)2(CH)(H)6(CH2OH)4]Na+. The monomeric combination

was considered to be the most likely structure corresponding to this peak for a number

reasons. Firstly, the peak spacing of m/z 30 observed for the m/z 407, 437, 467 and 49

series corresponds to substitution of CH2OH for H (or vice versa). The five peaks obse
in this series, and the absence of peaks at m/z 377 and 527, correspond well with the

number of these substitutions possible with the monomeric combination. Furthermore, th

incorporation of butyl blocking groups in the monomeric series is more likely as this
encompasses the main peaks for this butylated resin. In this manner the most likely
structures were assigned for all of the peaks in the spectrum and these are listed in

6-1. Dimeric and trimeric species were detected with both methylene and methylene-ethe
bridges.
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Figure 6-4: ESI mass spectrum for butylated melamine formaldehyde resin

Table 6-1: Peak assignments for the ESI mass spectrum of butylated melamine formaldehyde
(Figure 6-4)

Ion Mass
(m/z)

351
381
407
437
467
493
523
553
609
580
692
722
748
778
852
882
968
998
1024
1054

Structural Assignments
(C3N6)(H)3(CH2OH)1(CH2OBu)2]Na+
(C 3 N 6 )(H) 2 (CH 2 OH) 2 (CH 2 OBu) 2 Na +
(C3N6)(H)3(CH2OBu)3]Na+
(C3N6)(H)2(CH2OH)1(CH2OBu)3]Na+
(C3N6)(H)i (CH 2 OH) 2 (CH 2 OBu) 3 ]Na +
(C3N6)(H)2(CH2OBu)4]Na+
(C3N6)(H)1(CH2OH)1(CH2OBu)4]Na+
(C 3 N 6 )(CH 2 OH) 2 (CH 2 OBu) 4 ]Na +
(C3N6)(CH2OH)i (CH 2 OBu) 5 ]Na +
(C 3 N 6 )CH 2 (C 3 N 6 )(H) 5 (CH 2 OH) 3 (CH 2 OBu) 2 ]Na +
(C3N6)CH2(C3N6)(H)5(CH2OH)i(CH2OBu)4]Na+
(C 3 N 6 )CH 2 (C 3 N 6 )(H) 4 (CH 2 OH) 2 (CH 2 OBu) 4 ]Na +
'(C 3 N 6 )CH 2 OCH 2 (C 3 N 6 )(H) 4 (CH 2 OH) 1 (CH 2 OBu)5]Na +
(C 3 N 6 )CH 2 OCH 2 (C 3 N 6 )(H) 3 (CH 2 OH) 2 (CH 2 OBu) 5 ]Na +
(C 3 N 6 )CH 2 OCH 2 (C 3 N 6 )CH 2 OCH 2 (C 3 N 6 )(H) 7 (CH 2 OBu) 5 ]Na +
(C 3 N 6 )CH 2 OCH 2 (C 3 N 6 )CH 2 OCH 2 (C 3 N 6 )(H) 6 (CH 2 OH) 1 (CH 2 OBu) 5 ]Na +
(C 3 N 6 )CH 2 OCH 2 (C 3 N 6 )CH 2 OCH 2 (C 3 N 6 )(H) 5 (CH 2 OH) 1 (CH 2 OBu) 6 ]Na +
(C 3 N 6 )CH 2 OCH 2 (C 3 N 6 )CH 2 OCH 2 (C 3 N 6 )(H) 4 (CH 2 OH) 2 (CH 2 OBu)6]Na +
(C 3 N 6 )CH 2 OCH 2 (C3N 6 )CH 2 OCH 2 (C 3 N 6 )(H) 5 (CH 2 OBu)7]Na +
(C 3 N fi )CHpOCH 2 (C 3 N fi )CH 2 OCH ? (C 3 N 6 )(H) 4 (CH 2 OH)i(CH 2 OBu)7lNa +
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Assignment of chemical structures to the peaks observed in the ESI m a s s spectrum,
and use of the concomitant peak intensities as an indication of molar abundance,
allowed calculation of a number of important parameters for melamine resins. For
example, average values such as imide, hydroxyi and butoxyl groups per molecule, the
degree of polymerisation, number and weight average molecular weight, were
calculated from the data obtained from the spectrum of the butylated melamine
formaldehyde resin. These values were calculated using a modified spreadsheet
similar to that described in Chapter 3 and shown in Appendix B. These parameters are
important for determining the proportions of crosslinkers required for coatings
formulations.

The ambiguity demonstrated in the ESI-MS analysis of melamine formaldehyde resins
would have to be resolved if these analyses were to be used in further studies.
Tandem mass spectrometry is one method of confirming peak assignments, however

this may not be a satisfactory solution in the case where it is possible that more th
one structure of the same mass may be present in the mixture. High resolution mass
spectrometry should provide a means of not only accurately assigning chemical
structures to ESI-MS peaks, but also of resolving the question of whether more than

one species is present, since most of the ambiguities involve structures with differe
empirical formulae.
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6.2 Paint Formulations
The majority of work in this study has been conducted on polyester resin samples.
These are the ideal conditions, however when paint formulations of unknown origin are

to be studied (for example in cases of unsatisfactory performance or to determine paint
type and source), the sample is usually available only as a complete paint formulation
or even as a cured paint film. The ESI mass spectrum of a polyester paint of unknown
formulation is shown in Figure 6-5. Careful examination of this spectrum enabled
assignment of peaks to both crosslinker and polyester resin components. Peaks at
m/z 358, 472, 668, and 1029 correspond to the isophoronediisocyanate based

crosslinker (detailed in Section 6.1.1.) Two polyester resin series were also identifi
The more intense series begins at m/z 555 and extends to m/z 2269 with peaks at
m/z 214.3 intervals. This corresponds to the sodium ions of a polyester resin
comprised of adipic acid (ADA) and neopentyl glycol (NPG), with the peak at m/z 555
corresponding to the [(2A + 3B)Na]+ oligomer and the peak at m/z 2069 representing
the [(10A + 11 B)Na]+ combination.

The second resin incorporated in the paint formulation was characterised by two series
of peaks with m/z 234 intervals, these peaks being much less intense than the ADANPG resin. The first ion series extends from m/z 596 to m/z 1532, and was attributed
to [((x)A +(x+1)B)Na]+ oligomers of a resin comprised of isophthalic acid (IPA) and
NPG. The second series begins at m/z 626 and extends to m/z 1562. This series is
assigned to the branched [((x)A + (x)B + T)Na]+ oligomers of IPA, NPG and
trimethylolpropane (TMP).
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Figure 6-5: ESI mass spectrum of a polyester paint formulation.

Several steps were used for peak assignments in ESI mass spectra of unknown
polyester samples. The first step is to identify series of peaks with constant mass
intervals. As polyester paint resins are usually formulated to have predominantly
hydroxyi endgroups, the peak spacings should coincide with the combined mass of
one diol and one diacid (minus two water molecules for condensation reactions). The
intervals between peaks were used to identify diol and diacid components from a table
compiled from current monomeric components available within the industry. Further
studies of this nature would be facilitated by chromatographic separation of
crosslinkers from resin components. Tandem mass spectrometry and high resolution
mass spectrometry would also assist in the assignment of chemical structures.

Interpretation of the whole paint spectrum shown in Figure 6-5 w a s facilitated by the
simplicity of its components. Formulations incorporating melamine formaldehyde
crosslinkers or resins synthesised with up to six component monomers are also
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c o m m o n . Interpretation of such spectra is a far more difficult task, although information
m a y still be gleaned from identification of constant peak intervals.

6.3 Polyester Paint Coatings

6.3.1 Coating Extraction
Analysis of cured coatings is of importance in instances where coating performance is
to be evaluated or uncured paint samples are not available. The ESI-MS technique
requires samples to be presented in solution, and therefore analysis of the intact
coating is not possible in these circumstances. It is possible, however, to examine
soluble components which m a y be extracted from the coating prior to analysis.

Supercritical fluid and solvent extraction techniques were both investigated as methods
for extracting soluble components from polyester-melamine paint coatings which have
been applied and cured onto metal substrates. Supercritical fluid extraction provides
much greater control over extraction parameters which, in s o m e circumstances, m a y
allow the extraction conditions to be optimised for specific components. This
technique, however, also requires relatively expensive equipment which w a s only
available on a very limited basis for this study. Similar results were obtained for the
samples examined here using solvent extraction. Thus, for reasons of expedience, this
less sophisticated technique w a s adopted for the majority of the studies reported here.
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6.3.2 Coating Extracts Compared to Unreacted Resins
The ESI mass spectra of two polyester resins have been compared to that of their
coating extracts; these spectra are presented in Figure 3.13 and Figure 3.14 (Chapter
3). Figure 6-6 s h o w s the percentage of cyclic species calculated from the ESI m a s s
spectra of both uncured resins and coating extracts for polyester 2 0 and polyester 47.
These results s h o w the enhancement of cyclic oligomers in the ESI m a s s spectra of
coating extracts compared to that of the unreacted resin. For polyester 47, in which
high proportions of cyclic species were detected in the resin sample, the coating
extract consists entirely of cyclic species. For polyester 20, in which no cyclic species
are discernible in the resin sample, a small proportion of cyclic oligomers are observed
in the coating extract. This observed enhancement of cyclic species in the ESI m a s s
spectra of coating extracts is indicative of the inability of cyclic species to react with
the crosslinker d u e to the absence

of end-groups

on these oligomers.
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Figure 6-6: Cyclic content determined from the ESI mass spectra of unreacted resins and
cured coating extracts of polyester 20 and polyester 47.
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Crosslinker species, however, were not detected at all in the coating extracts,
indicating that the crosslinker was fully reacted into the coating, whereas certain
polyester species were enhanced and therefore not completely reacted with the
crosslinker.

6.3.3 Weathered coatings
To assess the applicability of ESI-MS studies of coating extracts to coating
degradation studies, a series of polyester coatings were prepared on metal substrates
and then exposed to UV radiation for up to 2000 hours. The ESI mass spectra of
solvent extracts obtained from coatings of polyester 47 and polyester 20, exposed for
1000 and 2000 hours, are compared to the spectra of unexposed coatings in Figure 67 and Figure 6-8. The ESI mass spectra of extracts from the coating of polyester 20
display gross changes with exposure. In the spectrum of the sample exposed for 1000

hours (Figure 6-7(a)), intact resin peaks are still visible but a multiplicity of peaks h
appeared centred around m/z 660 and extending from m/z 300 to 1000. In the
spectrum of the sample exposed for 2000 hours, these peaks are now present in equal
intensity to the undegraded resin peaks.

In contrast, extracts of the polyester 47 coating displayed few changes on exposure.
These results correlate well with performance previously determined for these two
coatings, since polyester 47 was found to provide coatings with superior durability on
UV exposure compared with those formulated from polyester 20. 172
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Figure 6-7: ESI mass spectra of solvent extracts obtained from polyester 20 (a) unexposed
coatings compared to coatings exposed for (b) 1000 and (c) 2000 hours.
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Figure 6-8: ESI mass spectra of solvent extracts obtained from polyester 47 (a) unexposed
coatings compared to coatings exposed for (b) 1000 and (c) 2000 hours.
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Although these three spectra apparently show evidence of increasing degradation on
exposure, it should be noted that the signal-to-noise ratio also progressively decreases
with exposure and the intact resin species disappear. The possibility that the
extractable resin species are being lost from the coating by a mechanism other than
degradation is unlikely, however, as the temperature of the apparatus, monitored
regularly during exposure, did not climb above 25°C to minimise loss of any volatile
coating components/degradation products. The apparatus was also specifically
designed without a condensation cycle (commonly used in UV exposure cabinets) to
prevent leaching of soluble materials from the coating.

6.4 Conclusions
The utility of ESI mass spectrometry has been demonstrated as a method for
characterising a range of polyester paint components in addition to the basic polyester
resins (shown in earlier chapters). ESI analyses were performed on diisocyanate and
melamine-formaldehyde crosslinkers in order to determine both the degree of
polymerisation and the extent to which different blocking groups were attached to each
structure. For melamine-formaldehyde resins, which have a number of possible
functional groups, it was also possible to determine the nature of the functional groups;
due to the complexity of these structures, however, further analyses using high
resolution or tandem mass spectrometry would be necessary to allow the
unambiguous differentiation of some structures. Information concerning the degree of
polymerisation, degree of blocking and nature of the functional groups has important
implications both for health and safety and for the level of incorporation required in
paint formulations to achieve the desired coating properties.

The analysis of complete paint formulations allowed the identification of both
crosslinkers and resin components. This demonstrates the utility of ESI mass
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spectrometry as a m e a n s of determining the components of unknown paint
formulations. The paint samples examined here, however, were very simple
formulations. Analysis of more complex mixtures would be made difficult by
overlapping polymeric distributions of the various components and possible
suppression of some species that are less readily ionised. This situation may be
remedied by incorporating a chromatographic separation step in the process, along
similar lines to the work discussed in Chapter 5. Such work will continue when
chromatographic equipment is acquired in this laboratory.

Although cured paint coatings are not directly amenable to analysis by ESI mass
spectrometry, solvent extracts were shown to provide a range of information on the
cured coatings. Comparison of the levels of cyclic polyester oligomers in the ESI mass
spectra of resins versus coating extracts supported the suggestion that these species
do not undergo crosslinking reactions. The observation of intense polyester species
and not crosslinker species in ESI mass spectra of coating extracts also indicated that
the crosslinker was completely reacted during the cure process, whereas some
polyester resin remains unreacted on cure. Evidence of degradation products was also
observed in the comparison of weathered and unweathered coating extracts.

Chapter 7
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This study has involved the examination of polyester resins by electrospray ionisation
mass spectrometry (ESI-MS). Since there have been few ESI-MS applications to
polymers previously reported, this work was undertaken in order to demonstrate the
utility of this technique for structural characterisation and molecular weight
determination of polymers and to investigate the validity of such measurements.

In optimising the sample preparation and electrospray ionisation conditions for

polyester resins, it was found that the addition of low concentrations of an alkali metal
salt to the sample solution reduced the spectral congestion by ensuring that ions were
formed exclusively by the attachment of one cation type. Furthermore, concentrating

the ion current for each oligomer into one adduct increased the signal-to-noise ratios in
these spectra and facilitated the identification of less abundant species. Concerns
regarding the solubility of these polymers in the acetone/water solvent mixtures
commonly used for ESI-MS analyses were also addressed by using acetone both as
an instrument solvent and as a solvent for sample preparation

Singly- and doubly-charged species were identified in the ESI mass spectra of a range
of polyester resins and these initial peak assignments were confirmed by tandem mass
spectrometry. A number of structural features were identified in this manner, including
branched species, cyclic oligomers and products of transesterification. The proportions
of cyclic structures in resin samples were observed to vary according to synthesis
conditions, and were also found to be enriched in the extracts of crosslinked polyester
paint films. The presence of cyclic oligomers was also confirmed by FTIR analyses of
these extracts. Relative abundances of cyclic polyester oligomers identified in the ESI
mass spectra were found to correlate with the probability function end-to-end distances
determined by molecular modelling, thus indicating that the propensity for formation of
cyclic species during synthesis is influenced by steric effects of the constituent
monomers.
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The possibility of ESI-MS providing direct determination of polymer molecular weight

distributions is of considerable interest to polymer chemists, however this is contingen
on the correlation of the relative intensities observed in the spectrum with the actual
proportions of the attendant polymer component. Shifts in the relative distributions of
oligomers detected by ESI-MS were found to accompany changes in the cone potential
applied in the ESI source. Examination of individual ions of polyesters,
polyethyleneglycol and the peptide kemptamide revealed that ion currents of species
with the same charge and different mass optimised according to m/z, and ions of the
same mass but different charge optimised according to (m/z)1/2. Mathematical
modelling of the expansion region of the ESI source showed these effects to be the
result of mass-dependent processes in the jet expansion, and charge-dependent
motion in the region of drift. Due to these mass- and charge-dependent effects it has
been established that, at this stage, ESI-MS cannot be used for the direct
determination of molecular weight distributions or the calculation of average molecular
weight values of polymers. These findings have also shed new light on the nature of

variations in the relative intensity of ions observed with changes in cone potential. Th
phenomenon was attributed previously to the effects of charge stripping brought about
by collisions of the ions as they are accelerated through the intermediate pressure
region in the source.

Examination of the combined effects of cone potential and alkali metal type on the
distribution of species observed in the ESI mass spectra of polyester resins has led to
a number of suggestions regarding the nature of interaction between polyester
oligomers and alkali metal cations. The use of larger cations enabled the detection of
higher mass oligomers than those observed with smaller cations at the same cone

potential, leading to the suggestion that larger cations may have a greater affinity for
larger oligomers. Adducts of larger cations were also observed in greater relative
proportions for all polyester oligomers at low cone potentials. Smaller cations,
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however, m a y exert a stronger electrostatic interaction with the polyesters due to their
smaller atomic radii. More intense ion currents were obtained for samples prepared
with smaller cations, and adducts of smaller cations were observed in greater relative
abundance at higher cone potentials.

Some more general effects were also noted. Raising the concentrations of cations in
the samples was found to enhance the detection of higher mass oligomers, possibly
due to concomitant increases in surface-charge density increasing the repulsive forces
experienced by these oligomers and enhancing desorption of these larger molecules
from the charged droplets formed during ionisation. Changes in the counter-ions of the
alkali metal salts did not, however, affect the distribution of masses observed in the
ESI mass spectra, supporting the notion that ions are preformed in solution.

Software applications were developed in order to facilitate the assignment of oligomer
structures and calculation of data such as functionality/molecule, branching/molecule,
hydroxyl/molecule, carboxyl/molecule, monomer proportions, number average
molecular weight, weight average molecular weight and polydispersity for the polyester
resins. To validate these calculations, however, further development of the technique
is required so that the molecular weight distribution is accurately represented.

Matrix-assisted laser desorption ionisation (MALDI) and ESI represent the two most
recent developments in ionisation techniques for mass spectrometry; this study would
therefore have been incomplete without a comparison of these two techniques. At this
stage there have been considerably more reports of polymer applications with the
MALDI technique. Predominantly singly-charged species are usually observed in
MALDI mass spectra, compared to multiple charge distributions which cause
considerable congestion in ESI mass spectra of mixtures.88 Furthermore, MALDI
instruments are usually coupled with time-of-flight mass analysers, providing a mass
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range limited only by the ionisation efficiency of the analyte. These two features create
the initial perception that MALDI-MS may be more suitable than ESI-MS for the
analysis of polymers.

Distributions of masses observed in the ESI and MALDI mass spectra of polyester
resins in this study were very similar. Although MALDI mass spectra show ions with
much higher m/z values, these species are observed as doubly-charged species in ESI

mass spectra. Minor differences in sensitivity to different molecular structure, howev
reflected the differences in ionisation mechanisms involved with the two techniques.

Size exclusion chromatography (SEC) is one of the most widely used techniques for

characterisation of polymer molecular weight distributions. In this study, SEC was use
to fractionate the polyester resins prior to analysis by ESI-MS and MALDI-MS. This

revealed limitations of both of these techniques with respect to the detection of high
mass fractions. The combination of SEC with mass spectrometry provided information
which was complementary to both techniques. SEC fractionation reduced the
polydispersity of the samples for mass spectrometry, and provided a means of
correcting for the effects of mass discrimination. Calibration has long been a
shortcoming of SEC, however combination of this technique with mass spectrometry,
was demonstrated as a means of calibration for the size exclusion chromatogram.
Furthermore, mass spectrometric analysis of the SEC fractions revealed some nonlinearity in the separation of molecular weight components which would not have been
disclosed with conventional detection techniques.

Although MALDI-MS is generally considered more suitable for the analysis of polymer
samples, recent reports have highlighted concerns regarding the inability of MALDI-MS
to provide accurate molecular weight information on polydisperse polymer samples.
This has prompted many MALDI-MS practitioners to incorporate a SEC fractionation
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step in the analysis of polydisperse samples. In light of this recent development
ESI-MS m a y have the edge, as being a continuous source it is well suited to direct
coupling with S E C . Indeed, the first report of online SEC/ESI-MS analysis of polymers
w a s published 3 years ago. 107 Online combination with S E C also holds the potential to
overcome problems of spectral congestion which m a y have restricted the application of
ESI-MS to low molecular weight polymers thus far.

Both MALDI-MS and ESI-MS have their strong points - ESI-MS in its facility for online
coupling to S E C , and M A L D I - M S with its cost effectiveness and ease of operation.
Both techniques will probably both continue to develop as complementary techniques
in the field of polymer applications, as certain polymers are likely to be more suited to
one technique or the other, depending on solvent or matrix compatibility or ease of
ionisation.

The polyester resins studied in this work were components of paint formulations used
as protective coatings for metal products. T o explore further the utility of the technique
for coatings development, ESI-MS w a s also used to characterise blocked melamineformaldehyde and diisocyanate crosslinkers, complete paint formulations, and solvent
extracts of the paint coatings. Analysis of the crosslinkers provided identification of the
degree of polymerisation, the nature of the functional groups and the degree of
blocking. This provides information that m a y be used to determine the level of
incorporation required to produce coatings with the desired properties, and also has
important health and safety implications regarding the use of such products.

Analysis of complete paint formulations resulted in identification of resin and
crosslinker components. This work demonstrated the utility of ESI-MS for identification
of the components of unknown paint formulations. Since these mixtures are potentially
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complex, further work in this area would benefit from the incorporation of
chromatographic separation of the major components prior to analysis by ESI-MS.

Solvent extracts of paint coatings were also analysed to reveal information regarding
cure and durability. Greater proportions of cyclic oligomers were observed in the ESI
mass spectra of coating extracts compared to those obtained from the resin
precursors; this provided confirmation that these species are not able to react with
crosslinkers during the cure process. Furthermore, the absence of crosslinker species
in the ESI mass spectra of the extracts also indicated that these components were fully
reacted during the cure process. This, in combination with the observation of polyester
species in the extracts, indicated that there was excess resin in these paint
formulations. ESI-MS analysis of the extracts of weathered coatings found evidence of
degradation products in the extracts of the less durable formulations. Although these
species were not identified in the course of this work, these results indicate that ESIMS may provide a means of elucidating the mechanisms of degradation in paint films
in future studies of this nature.

Appendices

Appendix A
A. SPREADSHEET USED IN THE SYNTHESIS OF
POLYESTER RESINS
The spreadsheet shown in Figure A-1 was obtained from B H P Research. It w a s
specially designed to determine the masses of monomers required to synthesise
polyesters with specified acid values, as described in Section 2.6.1. T o begin these
calculations, a number of values are entered into the top section of the spreadsheet
where indicated. These values include: desired acid value (entered in cell H1), final
mass of resin required (entered in cell H2), and either moles (cells E 7 - E17) or
masses (D7 - D17) of monomers. Using the relative proportions of monomers indicated
by the user in the top section of the spreadsheet, the actual masses of monomers
required to produce the specified quantity of resin at the required acid value, are
calculated in cells B 2 7 - B37, using the calculations given in Table A-1.

A number of final properties are also calculated in the bottom half of the spreadsheet.
The calculations for these values are given in Table A-2, they include average
molecular weight (E53 & E54), functionality per molecule (E57), hydroxyi per molecule
(E55) and carboxyl per molecule (E56). If required, these values m a y be adjusted in an
iterative manner, by altering the ratio of monomers entered in the top half of the
spreadsheet.
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P R O G R A M F O R RESIN (resin ID)

Monomer

Acid value required (input)
Mass of resin required (input in grams)

1.28

450

molec. wt.
(g/M)

functionality

mass (g)
(input)

moles
(input)

mass (g)
(output)

moles
(output)

moles of
functionaltiy

104.2
160.3
144.2
204.3
118.18

0
0
0
0
0
0

0
0
0
0

0
0
0
0

0
0
0
0

0
0
0
0

134

2
2
2
2
2
3

5.678
0.674

671.061
90.289

5.678
0.674

11.357
2.021

100
166
172
100

2
2
2
2

0
0
0
0

Alcohols

NPG
BEPD
CHDM
HPN
1,6-HD
TMP
Acids

ADA
IPA
CHDA
AZA

0

0

0

0

5.813

965.024

5.813

11.627

0
0

0
0

0
0

0
0

Mass of reactants
Mass of H 2 0 evolved when acid value equals 0
Mass of H 2 0 evolved when acid value equals 1.28
Final Mass

HPN
1,6-HD
TMP
Acids

ADA
IPA
CHDA
AZA

(resin ID)

450 G R A M S O F RESIN SOLIDS F O R RESIN

FORMULA TO YIELD
Monomer
Alcohols
NPG
BEPD
CHDM

1726.375 g
209.282 g
209.243 g
1517.132 g

mass
0
0
0

moles
0
0
0

0
0

0
0

199.045
26.781

1.684
0.200

0

0

286.238
0
0

1.724
0
0

Polyester D;ita

moles of hydroxyi
moels of carboxyl
moles in total
excess moles of hydroxyi

monomer
1.884
1.724
3.608
0.160

Mass of reactants
Mass of H 2 0 at A V = 0
Mass of H 2 0 at A V = 1.28
Final Mass of resin

group
3.968
3.449
7.417
0.519
512.064
62.076
62.064

450

CALCULA'riONS FOI* RESIN N O . resin ID)
Parameter

f
P(gel)

P
MWT(mon.)

n
D(av.)
H(0)
H(av.)
M(al)

F
MWT(1)
MWT(2)
Hydroxyl/molecule
Carboxyl/molecule
Av.func./molecule
Av.bran./molecule
Av.bran./molecfile
Hydroxyi value

at acid value
1.28
0
1.911
1.046
0.997
124.708
21.217
0.002
0.115
0.118
0.419
2.106
2645.958
2645.958
3.115
0.060
3.175
1.175
1.175
65.920

22.583
0.000
0.115
0.115

2816.284
3.251
0.000
3.251
1.251
1.251
64.640

Figure A-1: Microsoft Excel™ spreadsheet used for the determination of monomer
required for the synthesis of polyester resins with specified acid values.

masses
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Table A-1: Spreadsheet calculations for resin synthesis

Value

Location

moles functionality

H7-H17

mass of reactants
H 2 0 evolved

F18
F19

Calculation
moles (output) x functionality
sum of mass of monomers
sum (moles functionality) x 18

at acid value = 0
H 2 0 evolved

F20

at acid value = input
mass of monomers

B27-B37

mass (input) x mass required
final mass

C27 - C37

mass of monomers(calculated)
molecular weight

(calculated)
moles of monomers
(calculated)
moles of hydroxyi

G28

sum(moles alcohol) x mass required
final mass

H28

sum(moles alcohol functionality) x mass required
final mass

G29

sum(moles carboxyl) x mass required
final mass

H29

sum(moles carboxyl functionality) x mass required
final mass

G30

moles alcohol (monomer) + moles alcohol (monomer)

monomers
moles of hydroxyi
groups
moles of carboxyl
monomers
moles of carboxyl
groups
moles in total

(moles x functionality) - (acid value) x mass reactants
56000

monomers
moles in total

H30

moles alcohol (group) + moles alcohol (group)

functional groups
excess moles of

G31

(moles hydroxyi (monomer)) - (moles carboxyl
(monomer))

hydroxyi monomers

H31

(moles hydroxyi (group)) - (moles carboxyl (group

mass of reactants

H33

sum (mass monomer (calculated))

mass of H 2 0

H34

(moles carboxyl) x 18

excess moles of
hydroxyi groups

at acid value = 0
mass of H 2 0
at acid value = input
final mass of resin

H35

[(moles carboxyl) x 18] - [(acid value) x (mass of reactants)
56000

H36 (mass of reactants) - (mass of H20 at acid value = input)
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Table A-2: Spreadsheet calculations of final resin properties

Value
f

Location

Calculation

E43

= Average number of reacted groups per monomer
= moles reactable groups
moles total monomer
= moles carboxyl functionality x 2
moles total monomer

P(gel)

E44

= extent of reaction at which a single macromolecule is obtained
= 2/f

p

E45

extent of reaction (at acid value = X)
= "I - reactable hydroxyi at A V X
total reactable hydroxyi
= 1-

MW(mon)

E46

total resin mass x X
._
moles carboxyl functionality x 56000

average molecular weight of monomer
=

n

E47

total resin mass .
total mass of monomer

degree of polymerisation
=

D(AV)

E48

2 .
2-fp
molar hydroxyi excess due to A V per 100 g resin
= Xx100
56000

H(0)

E49

= moles excess hvdroxvl functionality x 100
total resin mass

H(AV)

E50

= molar excess at A V per 100 g resin
= H(0) + D(AV)

M(al)

E51

= moles total alcohol hvdroxvl monomer x 100
total resin mass

F

E52

average alcohol functionality
= moles total hvdroxvl functionality
moles total hydroxyi monomer

MW(1)

E53

= polymer molecular weight (1)
= n x M W (mon)
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Table A-2 continued
Value
Location
MW(2)

E54

Calculation
= polymer molecular weight (2)
:
2x100
.
2 x D(AV) + H[H(0) - M(al) x (F - 2)]

hydroxyls/

= H(AV)xMW(1)
100

molecule
carboxyls/

E56

molecule
average

E57

functionality/

= D(AV)xMWm
100
= rH(0) + (2xD(AV))1xMW(1)
100

molecule
average

E58

= average functionality/molecule - 2

E59

moles branched hydroxyi monomer x n
total moles monomer

branches/
molecule (1)
average
branches/
molecule (2)
hydroxyi
value

E60

= H(AV) x 56000
100

Appendix B
OLIGOMER ASSIGNMENTS AND CALCULATION OF
POLYMER PROPERTIES FROM ESI MASS SPECTRA
A spreadsheet w a s constructed to assist in the identification of polymer molecular ions
and calculation of polymer properties from the electrospray mass spectra of polyester
resins containing three known m o n o m e r components. This large spreadsheet is shown
in six parts in Figures B-1 - B-6, and the accompanying macros are shown in Figure B7 and B-8. T h e spreadsheet w a s written using Microsoft Excel™ software. The
accompanying macros were also written in Excel™ using the Microsoft Visual Basic™
programming language.

B.1 Oligomer Assignment and Average Molecular Weight
Calculations
Oligomers containing up to three monomers (typically one diol, one diacid and one
triol) m a y be analysed using this spreadsheet. In pages 1 and 2 of the spreadsheet,
shown in Figure B-1 and Figure B-2 respectively, theoretical m/z values for singly- and
doubly- charged oligomer ions (formed by attachment of one or two sodium cations)
were calculated and assigned to peaks observed in the ESI mass spectrum.

The first step in oligomer identification is to enter the masses of the constituent
monomers into cells F5 - F7, and the molar quantities of these monomers used in the
synthesis into cells G 5 - G 7 . A large number of combinations of the three monomers
constituents have been suggested and are listed in column A. The theoretical polymer
ion masses corresponding to singly- and doubly-charged ions of these suggested
combinations are calculated using Equations 3-1 and 3-2. Singly-charged ions are
listed in column B and doubly-charged ions in column I; the formulae for these
calculations are contained within each cell.
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Using the Masslynx™ software (provided with the mass spectrometer), the ESI mass
spectrum of the sample must be smoothed, baseline subtracted and converted to
centroid data as described in Section 2.1.3. This data is then copied as a 'spectrum

list' (i.e. an array of m/z and ion current values) and pasted in a designated area of
spreadsheet, in this case cells A80 - B155 as shown in Figure B-6.

To correlate the theoretical values with peaks observed in the mass spectrum, the

"MatchAIIESIPeaks" macro (shown in Figure B-8) is then invoked. This in turn initiates
the "MatchESIPeaks" subroutine (shown in Figure B-7), once for the singly-charged
ions in column B, and once for the doubly-charged ions in column I. These macros

effectively read the first value in the list of calculated m/z values (columns B and
then search the first column of the spectrum array (A80-A155) to find the real m/z

value which is the closest to the calculated m/z value. If a matching m/z value is fou

in the spectrum array, this value is entered into the column labelled "detected" (col
C or K). The corresponding ion current value from the spectrum array is also entered

into the column labelled "ion current" (column E or M). If no m/z values in the spectr

array are found to match the calculated m/z within limits defined by the user (entered

into cell 17 labelled 'tolerance', value in this case being 2), a 'no match' is recor
the detected column and 0.00 is entered as the ion current value. The differences
between the calculated m/z values and those detected in the spectrum array are listed
in the column labelled 'differences' (column D or L).

Apparent average molecular weight values are calculated using the ion currents as a
measure of molecular abundance of each species identified in the ESI mass spectrum
(see Chapter 4). Number average and weight average molecular weights are
calculated using Equations 4-1 and 4-2. These values are shown in cells 079 and O80
respectively.
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The polymer ion current is given in cell 081. This value is simply a s u m of the ion
currents listed in columns E and M.

B.2 End Group Analysis
The polyester oligomers will have different proportions of endgroups depending on the
ratios of their constituent monomers. For these resins, which consist of three
monomers, six different classes of endgroups have been identified; these are identified
by abbreviations listed in cells R9 - X9. These abbreviations refer to the following
endgroup configurations: 2*0H refers to linear oligomers with two hydroxyi endgroups;
1*COOH,1*OH refers to linear oligomers with one hydroxyi and one carboxyl
endgroup; 2*C00H refers to linear oligomers bearing two carboxyl endgroups; 'cyclic'
refers to cyclic oligomers which do not bear any endgroups; 3*0H refers to branched
oligomers bearing three hydroxyi endgroups; and 'other trifunct.' refers to other
branched oligomers bearing three end groups, not all of which are hydroxyi.

The ion current for each oligomer is entered in the column corresponding to the class
of endgroups it contains. These ion currents are then totalled for each class of
endgroup in cells S77 - X77, and expressed as a percentage of the polymer ion current
(cell 081) for the sample in cells S78 - X78. These values are summarised in cells
AG17 - AG22 on the last page of the spreadsheet, shown in Figure B-6. In this table,
each endgroup type is also broken into separate elements of hydroxyi endgroups per
molecule (H/M), carboxyl endgroups per molecule (C/M), branching per molecule (B/M)
and functionality per molecule (F/M). To calculate these values, the mole fraction (sum

of the ion current for each category divided by the polymer ion current) is multiplied b
an integer representing the contribution of the endgroup category to that element. For
example, for the 2*0H endgroup class, these calculations are:
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Hydroxyl/molecule (H/M)= 2*(S77/081)
Carboxyl/molecule (C/M) = 0*(S77/O81)
Branching/molecule (B/M) = 0*(S77/O81)
Functionality/molecule (F/M) = 2*(S77/081)

The contributions from each class are summed to give average values for the polymer
in cells A H 2 3 - AH26. It should also be noted that the cyclic species do not contribute
to any of these elements as these structures do not bear any endgroups.

B.3 Monomer Proportions
In the fourth page of the spreadsheet, shown in Figure B-4, the overall proportions of
monomers detected in the ESI mass spectrum are calculated by multiplying the ion
current detected for each oligomer by three different fractions representing the
proportion of each of the constituent monomers in the oligomer. These calculations are
performed in columns AA, A B and A C . For example, for the 2A + 3B oligomer, the
calculation for each contribution would be:
Diacid (A) contribution = (ion current for oligomer)*2/5
Diol (B) contribution = (ion current for oligomer)*3/5
Triol (T) contribution = (ion current for oligomer)*0/5
The ion current contributions from each monomer are summed in cells AA77 - AC77,
and expressed as a percentage of the polymer ion current in cells A A 7 8 - AC78. The
percentage of each m o n o m e r calculated from the ESI mass spectrum is summarised
in cells A G 2 8 - A G 3 0 on page 5 of the spreadsheet (Figure B-6). These monomer
proportions are also compared against the proportions used in the synthesis of the
resins in cells A H 2 8 - AH30.
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B.4 Macros
T h e two macros used to match theoretical m/z values calculated for polyester
oligomers with those present in the spectrum list are shown in Figure B-7 and Figure
B-8. These macros depend on certain areas of the spreadsheet being defined. These
areas are listed in Table B-1 along with the cell references used in the spreadsheet
shown here. It is essential that the spectrum array begins with the values 0,0 (as
shown in Figure B-6) for these macros to function effectively.

Table B-1: Area definitions required for execution of the macros shown in Figure B-7 and
Figure B-8.

Defined Name

Description of Area

Encompassed

Cell coordinates for
Area Encompassed

all of the individual oligomer values for singlycharged ions
DataSet2 all of the individual oligomer values for doublycharged ions
Tolerance user-defined tolerance value

B11 -G76

Spectrum spectrum array starting at and including the zero
values

A80 -B155

DataSetl

J11 -076
17

A

B

D

C

Sample Details
spectrumfilenumber
experimental details

7

Oligomer assignments, 1* SERIES

8

71
72
73
74
75
76
77

G

M o n o m e r Molec. wt. Moles*
1.7034
A=1,4CHDA 172.07036
1.6548
146.05794
B= T M P D

6

69
70

F

ESI Polyester Worksheet

1
2
3
4
5

9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47

E

Oligomer
A+B-18
A+B
A + 2B
2A + B
2A + 2B-18
2A + 2B
3A + TMP
2A + 2B + TMP
2A+3B
3A + 2B
3A + 3B-18
3A + 2B + TMP
3A + 3B
3A + 3B +TMP
3A + 4B
4A+3B
4A + 4B-18
4A+3B + TMP
4A + 4B
4A + 4B + TMP
4A + 5B
5A + 4B
4A + 5B + TMP
5A + 5B-18
5A + 4B + TMP
5A + 5B
5A + 5B + TMP
5A + 6B
6A + 5B
6A + 6B-18
6A + 5B + TMP
6A + 6B
6A + 6B + TMP
6A + 7B
7A + 5B + TMP
7A + 6B
7A + 7B-18
1 IA + 1 IB - 18
11A+11B
11A+11B + TMP
11A+ 12B
12A + 12B-18
12A+12B
12A+ 12B + TMP

(Na + attachment)
Difference
ion mass
Detected
m/z - m/z~
m/z
m/z*
#VALUE!
no match
305.1
0.10
323.0
323.1
0.05
451.1
451.1
-0.24
477.4
477.2
#VALUE!
no match
587.2
0.00
605.2
605.2
#VALUE!
no match
619.2
721.4
-0.12
721.3
-0.16
733.4
733.2
#VALUE!
no match
759.3
#VALUE!
no match
869.3
#VALUE!
no match
875.3
-0.30
887.6
887.3
-0.52
1003.9
1003.4
-0.56
1015.9
1015.3
#VALUEI
no match
1041.4
#VALUE!
no match
1151.4
#VALUE!
no match
1157.4
-0.50
1169.9
1169.4
-0.63
1285.5
1286.1
-0.66
1298.1
1297.4
#VALUE!
no match
7323.5
#VALUE!
no match
1413.5
#VALUE!
no match
1433.5
#VALUE!
no match
1439.5
-0.41
1451.9
1451.5
-0.53
1568.1
1567.6
-0.46
1580.0
1579.5
#VALUE!
no
match
1605.5
#VALUE!
no match
1715.6
#VALUE!
no match
1721.6
0.39
1733.2
1733.6
0.27
1849.4
1849.7
0.23
1861.4
1861.6
#VALUE!
no match
1875.7
#VALUE!
no match
1887.6
#VALUE!
no match
1997.7
3126.1
3144.1
3260.2
3272.1
3408.2
3426.2
3542.3

no
no
no
no
no
no
no

match
match
match
match
match
match
match

#VALUE!
#VALUE!
#VALUEI
#VALUE!
#VALUE!
#VALUE!
#VALUE!

TMP

134.09435

0.1976

*from synthesis data

NM

NM2

0.00E+00
0.00E+00

O.OOE+00
4.70E+07
2.62E+08
0.00E+00
0.00E+00
1.93E+08
0.00E+00
8.22E+07
2.09E+09
0.00E+00
0.00E+00
0.00E+00
1.92E+08
3.47E+08
2.43E+09
0.00E+00
0.00E+00
0.00E+00
1.51E+08
5.79E+08
1.64E+09
0.00E+00
0.0OE+0O
0.00E+00
0.00E+00
7.87E+07
3.77E+08
6.53E+08
0.00E+00
0.00E+00
0.00E+00
2.29E+07
1.50E+08
1.95E+08
0.00E+00
0.00E+00
O.OOE+00

0.00E+00
1.41E+10
1.12E+11
0.00E+00
0.00E+00
1.12E+11
0.00E+00
5.74E+10
1.48E+12
0.00E+00
0.00E+00
0.00E+00
1.66E+11
3.40E+11
2.41E+12
0.00E+O0
0.00E+00
0.00E+00
1.73E+11
7.31E+11
2.09E+12
0.00E+00
0.00E+00
0.00E+00
0.00E+00
1.12E+11
5.82E+11
1.02E+12
0.00E+00
0.00E+00
0.00E+00
3.92E+10
2.73E+11
3.59E+11
0.00E+00
0.00E+00
0.00E+00

0.O0E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
O.OOE+00
1.00E+07

0.00E+00
0.00E+00
0.00E+00
0.00E+00
O.OOE+00
0.00E+00
0.00E+00
9.54E+09

0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
1.02E+13

Ion Current

N
0.00E+00
1.57E+05
6.13E+05

0
0.00E+00
3.31 E+05
0.00E+00
1.18E+05
2.94E+06
0.00E+00
0.00E+O0
0.00E+00
2.23E+05
3.54E+05
2.45E+06
0.00E+00
0.00E+00
0.00E+00
1.32E+05
4.58E+05
1.29E+06
0.00E+00

0
0.00E+00
0.00E+00
5.51 E+04
2.44E+05
4.19E+05
0.00E+00
0.00E+00
0.00E+00
1.34E+04
8.19E+04
1.06E+05

0

Figure B-1: ESI-MS Polymer spreadsheet, page one - calculation of theoretical singly-charged
polymer ions and assignment to mass spectrum peaks.
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H

I

1
2
3
5
6

Tolerance

7

2

8

12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
69
70

71
72
73
74
75
76
77
78
79

80
81 -

M

N

O

P

Sample Details
spectrum file number
experimental details

4

9
10
11

L
J
K
ESI Polvester Worksheet

Oligomer
A+B-18
A +B
A + 2B
2A+B
2A + 2B-18
2A + 2B
3A + TMP
2A + 2B + TMP
2A+3B
3A + 2B
3A + 3B-18
3A + 2B + TMP
3A + 3B
3A + 3B +TMP
3A + 4B
4A+3B
4A + 4B-18
4A + 3B + TMP
4A + 4B
4A + 4B + TMP
4A + 5B
5A + 4B
4A + 5B+ TMP
5A + 5B-18
5A + 4B + TMP
5A + 5B
5A + 5B + TMP
5A + 6B
6A + 5B
6A + 6B-18
6A + 5B+ TMP
6A + 6B
6A + 6B + TMP
6A + 7B
7A + 5B + TMP
7A + 6B
7A + 7B-18
11A+11B-18
11A+11B
11A+11B + TMP
11A+12B
12A+12B-18
12A+ 12B
12A+ 12B + TMP

Oligomer assignments, 2* SERIES
(2Na+ attachment)
NM
ion mass Detected Difference Ion Current
N
m/z
m/z*
m/z - m/z*
0.00E+00
#VALUE!
no
match
0.00E+00
164.0
173.0 no match #VALUE! 0.00E+00 0.00E+00
237.1 no match #VALUE! 0.00E+00 0.00E+00
250.1 no match WALUE! 0.00E+00 0.00E+00
305.1 no match #VALUE! 0.00E+00 0.00E+00
314.1 no match #VALUE! 0.00E+00 0.00E+00
321.1 no match #VALUEI 0.00E+00 0.00E+0Q
372.1 no match #VALUE! 0.00E+00 0.00E+00
0
0.00E+00
378.1 no match #VALUE!
391.1 no match #VALUEI 0.00E+00 0.00E+00
446.1 no match #VALUEI O.OOE+00 0.00E+00
449.2 no match #VALUE! 0.00E+00 0.00E+00
455.1 no match WALUE! O.OOE+00 0.00E+00
513.2 no match #VALUE! 0.00E+00 0.00E+00
519.2 no match WALUE! 0.00E+00 0.00E+00
0.00E+00
0
532.2 no match WALUE!
0.00E+00
0
587.2 no match WALUE!
0.00E+00
0
1.41
590.2 588.8
596.2 no match WALUE! 0.00E+00 O.OOE+00
654.2 no match WALUE! 0.00E+00 0.00E+00
660.2 no match WALUE! 0.0OE+0O 0.00E+00
673:2 no match WALUE! 0.00E+00 0.00E+00
718.3 no match WALUE! 0.00E+00 0.00E+00
728.2 no match WALUE! 0.00E+00 0.00E+00
731.3 no match WALUE! 0.00E+00 0.00E+00
737.2 no match WALUE! 0.0OE+00 0.00E+00
795.3 no match WALUE! 0.00E+00 0.00E+00
0.00E+00
-1.04
0
802.3
801.3
814.3 no match WALUE! 0.00E+00 0.00E+00
0.00E+00
0
869.3 no match WALUE!
1.78E+05 2.94E+08
872.4
-0.09
872.3
0.00E+00
0
878.3 no match WALUE!
9.46E+07
5.31
E+04
-0.47
936.3 936.8
9.18E+04 1.65E+08
-0.49
942.3 942.8
0.00E+00 0.00E+00
WALUE!
no
match
949.3
955.3 no match WALUE! 0.00E+00 0.00E+00
1010.3 no match WALUE! 0.00E+00 0.00E+00

0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+O0
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
4.86E+11
0.00E+00
1.68E+11
2.95E+11
0.00E+00
0.00E+00
0.00E+00

0.00E+00
0.00E+00
7.25E+07
2.22E+07
O.OOE+00
0.00E+00
3.58E+07
1.29E+09

0.00E+00
0.00E+00
2.31E+11
7.12E+10
0.00E+00
0.00E+00
1.24E+11
2.62E+12

1574.5
1583.5
1641.6
1647.6
1715.6
1724.6
1782.6

no match
no match
1641.9
1648.1
no match
no match
1782.5

WALUE!
WALUE!
-0.33
-0.54
WALUE!
WALUE!
0.12

0.00E+00
0.00E+0O
2.27E+04
6.94E+03

0
0.00E+00
1.03E+04
6.53E+05

NM2

Nurnber avera<ge molecul ar weight = 1015.5

We?ight average molecular weight = 1182.7
Polymer lo"i Current = 1.07E+07

Figure B-2: ESI-MS Polymer spreadsheet, page two - calculation of theoretical doubly-charged
polymer ions, assignment to mass spectrum peaks and calculation of average molecular weight
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R

S

T

1
2
3

U

V

w

X

ESI Polvester Worksheet
Sample Details
spectrumfilenumber
experimental details

4
5
6

E N D G R O U P ANALYSIS

7
8

9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
69
70
71
72
73
74
75
76
77
78

groups/molecule
Oligomer

2*OH

TCOOH

2*COOH

A + B-18
A +B
A + 2B
2A + B
2A + 2B-18
2A + 2B
3A + TMP
2A + 2B + TMP
2A+3B
3A + 2B
3A + 3B-18
3 A + 2 B + TMP
3A + 3B
3A + 3B +TMP
3A + 4B
4A+3B
4 A + 4B-18
4A + 3B + T M P
4A + 4B
4A + 4B + T M P
4A + 5B

11A+11B-18
11A+11B
11A+ 11B + TMP
1 IA + 12B
12A + 12B - 18
12A + 12B
12A + 12B + TMP
total
%RI

3*OH

other
trifunct.

0.00E+00
1.57E+05
6.13E+05
O.OOE+00
0.00E+00
3.31 E+05
0.00E+00
1.18E+05
2.94E+06
0.00E+00
0.00E+00
0.00E+00
2.23E+05
3.54E+05
2.45E+06
0.00E+00
O.OOE+00
0.00E+00
1.32E+05
4.58E+05
1.29E+06
0.00E+00

5A+4B
4A + 5B+ TMP
5A + 5B-18
5A + 4B + T M P
5A + 5B
5A + 5B + TMP
5A + 6B
6A + 5B
6 A + 6B-18
6A + 5B+ TMP
6A + 6B
6A + 6B + TMP
6A + 7B
7A + 5B + TMP
7A + 6B
7A + 7B-18

less

H20

TOH

0.00E+00
0.00E+00
0.00E+00
5.51 E+04
2.44E+05
4.19E+05
0.00E+00
0.00E+00
1.78E+05
1.34E+04
1.35E+05
1.98E+05
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
2.27E+04
6.94E+03
0.00E+00
O.00E+00
8.07E+06
75.67

9.11 E+05
8.55

0.00E+00
0.00

0.00E+00
0.00

1.03E+04
1.50E+06
14.12

1.78E+05
1.67

Figure B-3: ESI-MS Polymer spreadsheet, page three - end group analysis.
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B

Y

Z

AA

1
2

AB

AC

AD

ESI Polvester Worksheet
Sample Details
spectrumfilenumber
experimental details

3
4
5
6
7

M O N O M E R PROPORTIONS

8
9
10
11

12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
69
70
71
72
73
74
75
76
77
78
79

Oligomer
A + B-18
A +B
A + 2B
2A + B
2A + 2B-18
2A + 2B
3A + TMP
2A + 2B + TMP
2A+3B
3A + 2B
3A + 3B-18
3 A + 2 B + TMP
3A + 3B
3A + 3B +TMP
3A + 4B
4A +3B •
4A + 4B-18
4A + 3B + TMP
4A + 4B
4A + 4B + TMP
4A + 5B
5A + 4B
4A + 5B+ TMP
5A + 5B-18
5A + 4B + TMP
5A + 5B
5A + 5B + TMP
5A + 6B
6A + 5B
6A + 6B-18
6A + 5B+ TMP
6A + 6B
6A + 6B + TMP
6A + 7B
7A + 5B + TMP
7A + 6B
7A + 7B-18
11A+11B-18
11A+11B
11A+11B+ TMP
1 IA + 12B
12A + 12B - 18
12A + 12B
12A + 12B + TMP
total

%RI

TMP(T)
Diacid (A)
Diol(B)
xaN/(xa+xb+xt) xbN/(xa+xb+xt) xtN/(xa+xb+xt)
0.0OE+00
0.00E+00
0.00E+00
0.00E+00
7.83E+04
7.83E+04
2.04E+05
4.09E+05
0.00E+00
0.00E+00
0.00E+00
O.OOE+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
1.66E+05
1.66E+05
O.OOE+00
0.00E+00
0.00E+00
4.71 E+04
4.71 E+04
2.35E+04
1.18E+06
1.76E+06
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
1.11 E+05
0.00E+00
1.11 E+05
1.52E+05
1.52E+05
5.05E+04
1.05E+06
1.40E+06
0.00E+00
0.00E+00
0.00E+00
0.00E+00
O.00E+0O
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
6.60E+04
6.60E+04
0.00E+00
2.04E+05
2.04E+05
5.09E+04
7.14E+05
0.00E+00
5.72E+05
0.00E+00
0.00E+00
0.0OE+0O
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
2.76E+04
2.76E+04
1.11 E+05
2.22E+04
1.11E+05
0.00E+00
2.29E+05
1.91 E+05
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
7.41 E+04
1.48E+04
8.89E+04
6.69E+03
0.00E+00
6.69E+03
6.23E+04
1.04E+04
6.23E+04
1.07E+05
0.00E+00
9.14E+04
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
O.OOE+00
0.00E+00
0.00E+00
1.09E+04
3.32E+03
0.O0E+00
0.00E+00
4.94E+03
4.57E+06
42.88

0.00E+00
0.00E+00
1.09E+04
3.62E+03
0.00E+00
0.0OE+0O
4.94E+03
5.90E+06
55.39

0.00E+00
0.00E+0O
9.87E+02
0.00E+00
O.OOE+00
0.00E+00
4.12E+02
1.85E+05
1.73

Figure B-4: ESI-MS Polymer spreadsheet, page four - calculation of monomer proportions.
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AF

AG

AH

AI

AJ

AK

1
2

3
4
5
6
7
8
9
10
11
12
13
14
15
16
17

18
19
20
21
22
23

24
25
26
27
28

29
30
31

S U M M A R Y OF POLYMER CALCULATIONS

Number Average Molecular Weight (Mn)
1015.5
Weight Average Molecular Weight (Mw)
1182.7

End Group Analysis
groups/molecule

% Intensity

2*OH
T C O O U TOH
2*COOH
minus H20
3*OH

76
9
0
0
14
2

other trifunctional

H/M

C/M

F/M

B/M

0.76
0.09

0.76
0.09
0.00

1.51
0.17
0.00

0.02
0.86

0.28
0.10
2.06

0.00
0.00
0.00
0.00
0.16
0.03
0.19

0.42
0.03
1.30

M o n o m e r Proportions
Monomer
A=1,4CHDA
B=TMPD

TMP

synthesis(%mol) ESI(% Rl)

48
47
6

43
55
2

32
33
34
35
36
37
38
39
40
41
42
43
44
45

Figure B-5: ESI-MS Polymer spreadsheet, page five - summary of calculations.
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'n
u
81
81
83
84
85
U
ST
8*
88
%
H

n

»
*4
*5
06
S7
58
«
1M
101
101
103
10^
105
106

107
10«
109
110

ill

112
113
114
TT?
116
117
118
lW
120
121
122
123
124
135
116
127
125
T29
T30
131
132
133
134
135
136
137
138
135
140
141
142
143
144
145
146

147
148
14*
150
151
152
155
154
155

246

A
B
Spectrum "A
Array

m/z
0
411
413
428
434
439
4S7
460
473
478
499
505
553
566
568
575
577
580
588
594
604
621
643
676
697
713
737
745
764
807
835
841
861
868
873
885
894
898
911
934
1002
1028
1054
1111
1132
1158
1176
1185
1201
1292
1296
1319
1345
1423
1448
1453
1465
1495
1582
1585
1610
1635
1740
1874
1900
1926
2031
2163
2190
2217
2295
2351
2454
2481
2508
3695

•

^

I

D

|

E

|

F

I

G

|H|

I

I

k>n current

0
1.27
6.65
1.14
3.11
6.47
2.65
2.56
12.35
1.3S
2.15
15.56
1.35
1.32
3.61
4.72
10.47
1.15
1.55
2.01

Paste spectrum list in here, beginning at cell A81
If the list extends below A181, then Y O U M U S T redefine the 'spectrum' cell range.
To do this,
1 goto menu Insert/Name/Define,
2 select '(sheet name)!spectrum'
3 in the bottom window change the value ={sheet name)!$A$80:$B$1S0'
so the defined range covers the range of the pasted spectrum list

433
9.08
7.61
1.57
1.19
1.21
39.13
1.33

100
1.27
1.77
6.49
1.59
46.14
3.45
3.96
45.81
1.89
13.23
3.43
6.98
54.22
88.1
1.44
3.89
22.29
1 69
9.93
5.87
5.36
1.89
40.02
47.8
1.39

5.4
8.69
1.14
1.14
2.35
1.48
21.35
24.76
1.39
2.92
7.54
6.88
1.86
1.16
5.69
3.32
1.12
1.15
1.78
1.63
1.21
1.26

Figure B-6: ESI-MS Polymer spreadsheet, page five - spectrum list.
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Sub MatchESIPeaks(Range1, Spectrum, tolerance)
Dim m, s, mcount, scount
Dim difff 1, diff2
mcount = Rangel .Rows.Count() ' Get the number of items in each input
' data array.
scount = Spectrum.Rows.Count()
m = 1
s=1
While (m <= mcount And s <= scount) ' until one runs out.
' Scan the spectrum to find the first entry > than this mass
While (Rangel .Cells(m, 1) > Spectrum.Cells(s, 1)) And s <= scount
s= s+1
Wend
If s > scount Then ' No more spectrum table entries.
While (m <= mcount)
Rangel .Cells(m, 2) = "No Match"
'All remaining masses are no match
Rangel .Cells(m, 4) = "0.0000"
m = m +1
Wend
Exit Sub
Endif
' Find which of two possible spectra entries is closest
diffl = Abs(Range1.Cells(m, 1) - Spectrum.Cells(s -1,1))
diff2 = Abs(Range1.Cells(m, 1) - Spectrum.Cells(s, 1))
If (diffl < diff2) Then
s = s -1
diff2 = diffl
Endif
' Copy data to the output columns.
If (diff2 < tolerance)
Rangel .Cells(m,
Rangel .Cells(m,
Else
Rangel .Cells(m,
Rangel .Cells(m,

Then
2) = Spectrum.Cells(s, 1)
4) = Spectrum.Cells(s, 2)
2) = "No Match"
4) = "0.0000"

'Output Detected mass
'Output Ion Current.
' Out of tolerance.

Endif
m = m + 1 ' Continue with next Mass
Wend
End Sub
Figure B-7: Microsoft Excel™ Macro for automatic assignment of oligomer masses to peaks in
the ESI mass spectrum. "MatchESIPeaks" subroutine - matches the calculated masses with
mass spectrum peaks.
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' This is the overall main function that calls MatchPeaks once the singly-charged series
' and once for the doubly-charged series.
Sub MatchAIIESIPeaksO
Dim Spectrum As Range
Application.ScreenUpdating = False ' Turn off display & recalc
Application.Calculation = xlManual
Set Spectrum = ActiveSheet.RangefSpectrum") ' Access named ranges in sheet
Set tolerance = ActiveSheet.Range("Tolerance").Cells(1,1)
Call MatchESIPeaks(ActiveSheet.Range("DataSet1"), Spectrum, tolerance)
Call MatchESIPeaks(ActiveSheet.Range("DataSet2"), Spectrum, tolerance)
Application.ScreenUpdating = True ' Turn on display & recalc.
Application.Calculation = xIAutomatic
End Sub

Figure B-8: Microsoft Excel™ Macro for automatic assignment of oligomer masses to peaks in
the ESI mass spectrum. "MatchAIIESIPeaks" - calls the "MatchESIPeaks" subroutine - once for
the singly-charged series and once for the doubly-charged series.

Appendix C
TANDEM MASS SPECTRA FOR POLYESTER 20
Tandem m a s s spectra recorded for four of the major ion series, [((x)A + (x)B)Na]+, in
the electrospray mass spectrum of polyester 20 are shown below in Figures C-1, C-2,
C-3 and C-4. Fragment peaks observed in these spectra (given in Table C-1) are
consistent with the loss of discrete monomer units. A lower cone voltage was used for
the m/z 451 precursor ion compared to the higher mass precursor ions in order to
obtain a more intense ion current for this lower mass ion. This w a s effectively a
focusing effect, discussed in Chapter 4. It should also be noted that the signal-to-noise
ratios of these spectra decline with the increasing mass of the precursor ion.

Table C-1: Structural assignments for fragment ions observed in tandem mass spectra o
major ions observed in the electrospray mass spectrum of polyester 20.

Fragment ion
(m/z)

Assignment

195

[(A)]Na+

323

[(A + B)]Na+

433

[(A + 2B-18)]Na +

478

[(2A + B)]Na+

605

[(2A + 2B)]Na+

715

[(2A + 3B-18)]Na +

888

[(3A + 3B)]Na+

998

[(3A + 4B-18)]Na +

1171

[(4A + 4B)]Na+
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Figure C-1: ESI-MS/MS mass spectrum of the [(A+2B)Na]+ (m/z 451)
Laboratory collision energy, Elab = 75 eV, argon collision gas,
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ion of polyester 20.

cone potential was 75 V

sample was 2.5 mg mL'1 polyester in 90% aqueous acetone, also containing 1.2 mM sodium
acetate.
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Figure C-2: ESI-MS/MS mass spectrum ofthe [(2A + 3B)Na]+ (m/z 733) ion of polyester 20.
Laboratory collision energy, Em = 75 eV, argon collision gas, cone potential was 125 V.
sample was 2.5 mg mL'1 polyester in 90% aqueous acetone,
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Figure C-3: ESI-MS/MS
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mass spectrum of the [(3A + 4B)Na]+ (m/z 1015) ion of polyester 20.

Laboratory collision energy, Eiab = 75 eV, argon collision gas, cone potential was 125 V. The
sample was 2.5 mg mL'1 polyester in 90% aqueous acetone, also containing 1.2 mM

sodium

acetate.
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mass spectrum ofthe [(4A + 5B)Na]+ (m/z 1298) ion of polyester 20.

Laboratory collision energy, Elab = 75 eV, argon collision gas, cone potential was 125 V. The
sample was 2.5 mg mL'1 polyester in 90% aqueous acetone, also containing 1.2 mM
acetate.
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Appendix D
D. MOLECULAR WEIGHT CALCULATIONS FOR
POLYESTER RESINS
D.1 Method of Calculation
Number average molecular weights (M n ) and weight average molecular weight (M w )
values were calculated from the ESI m a s s spectra of polyesters using Equations 4-1
and 4.2. These calculations were also built into the specially constructed Microsoft
Excel™ spreadsheet (described in Section 3.1.2 and given in greater detail in
Appendix B). T w o variations in the data processing were examined in order to
determine their influence on the calculated molecular weight values.

In order to transfer data to the spreadsheet, the spectrum is converted to centroid
values on the basis of either peak heights or peak areas. The width of mass spectral
peaks are inversely proportional to the charge state of the ion measured, as detection
is based on the mass-to-charge ratio of the ion. Across the m a s s range the peaks tend
to increase in width, since the resolution of this instrument is effectively a constant
mass window, however, since the resolution employed in this study w a s relatively low*
(i.e. 2 - 4 Da), in either case there is a combination of effects leading to the observed
peak heights and areas. Peak heights should not be similarly affected by charge state.
However, the height of the monoisotopic peak decreases progressively across the
mass range as the abundance of species containing one or more

13

C isotopes

increases. At the resolution settings employed, the isotopic species were not resolved,
so this effect on observed peak heights should have been reduced. Since there were
clearly a complex set of factors contributing to the abundances observed in ESI m a s s

* This low resolution was used to ensure maximum sensitivity for the less abundant, high molecular weight
species.
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spectra, the effect of three different methods of calculation w a s examined using a
poly(ethyleneglycol) standard of narrow molecular weight distribution (PEG 1470).
P E G 1470 w a s chosen for this investigation due to the abundance of singly-, doublyand triply- charged species observed for this sample at low cone potentials. These
results, presented in Table D-1, indicate that calculations based on peak areas with
correction for the width of multiply- charged ions (by multiplying areas by charge
state)42 produce the highest number average molecular weights. Data calculated from
peak heights with no correction were slightly lower and those calculated by areas with
no correction are lower again.

That area measurements (no correction) resulted in significantly lower Mn values is
expected, since this reduced the contribution of higher charge state distributions in
these calculations, as larger masses are more strongly represented in higher charge
states due to the greater number of charge sites on these molecules. The slightly
lower value observed with peak heights is a consequence of the peak heights not
being strictly additive w h e n a number of species are within the set m a s s window. In
both cases, however, the effect is relatively small ( 2 % and 0.5%), due to the overlap of
the various charge state distributions. Hence calculations based on peak heights,
being the most convenient, were considered adequate for polyester molecular weight
determinations, as the error associated with this effect appears to be less than the
confidence limits of these determinations and the contribution of multiply-charged
species is very small in these samples. Corrected area-based calculations should be
used, however, if ESI is used for molecular m a s s calculations of polymer samples with
significant proportions of multiply-charged species.
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Table D-1: Number average molecular weights calculated for Poly(ethyleneglycol) (1470 nar
molecular weight standard) from ESI spectrum measured at 60 V using various data processing
methods.

Data Processing

Method

Mn

peak heights, no correction

1453

peak areas, no correction

1433

peak areas, width corrected

1461

D.2 Polyester Molecular Weight Data
Number average molecular weight (Mn), weight average molecular weight (Mw) and
polydispersity (M w /M n ) for each of the polyester samples are listed in Table D-2. The
number average molecular weights calculated from ESI m a s s spectra of the polyester
resins ranged from 1002 D a for polyester 6 to 1347 D a for polyester 37. These
average molecular weights are considerably lower than those expected from the
synthesis parameters. 24 These comparisons, however, are complicated by a number
of factors. Firstly, the synthesis data are subject to error as they rely on acid value
titrations and the assumption that the m o n o m e r proportions remain constant during
synthesis, whereas m o n o m e r loss frequently occurs at the elevated synthesis
temperatures. A further complicating factor is the formation of cyclic species which
have been observed as a major component in m a n y of the resins. A s cyclic species do
not bear end groups, molecular weight determinations based on end-group titrations
will give erroneously high results if they form a significant proportion of the resin
mixture. Furthermore, molecular weight values calculated from ESI spectra of the
polyester resins were found to vary systematically with cone voltage settings. This
phenomenon, illustrated in Figure 4-2(a), is discussed in detail in Chapter 4. ESI-MS
based molecular weight determinations are also compared with several alternative
techniques in Chapter 6.
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Table D-2: Number and weight average molecular weights calculated from the ESI mass
spectra of a range of polyester resins.

Resin

Mn

Mw

Mw/Mn

2

1136

1429

1.26

3

1108

1427

1.29

6

1002

1146

1.14

7

1115

1333

1.20

14

1230

1550

1.26

15

1265

1594

1.26

16

1272

1567

1.23

20

1079

1316

1.22

21

1222

1540

1.26

22

1190

1551

1.30

23

1278

1678

1.31

24

1176

1662

1.41

25

1259

1618

1.29

26

1283

1638

1.28

27

1345

1708

1.27

37

1347

1655

1.23

D.3 Reproducibility
Table D-3 shows details of 12 Mn values calculated from the ESI mass spectra of
polyester 20 which were obtained over a period of 12 months. For each of these
analyses, the sample concentrations, sodium salt concentration and cone potentials
were constant at 2.5 (iL mL"1, 1.2 m M and 100 V respectively. Other conditions such as
solvent mixture and sodium counter ion varied between analyses. Also shown in Table
D-3 are statistical values calculated from this population of results. Standard deviation
values and 9 5 % confidence limits were calculated using Equation D-1 and Equation D2, where n represents the number of measurements (12 in this case) and a value of
2.201 for t was obtained from statistical data tables.173 These calculations
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demonstrated that the M n values determined from ESI mass spectra provided
excellent reproducibility with confidence limits of +/-1.79%.

Table D-3: Mn values and 95% Confidence limits calculated from the ESI mass spectra of
polyester 20.

Calculations

Mn Values
818.6

873

865.7

mean

842.42

844.9

842.3

836.9

standard deviation

23.67

802
857

874
855

849.7

confidence limits

15.04

Standard

826.3 confidence limits (%)

Deviation (s) =

l*iy-(i»

1.79

Equation D-1

n(n — l)

(,

Confidence

^

Limits = ±t

Equation D~2

\4nj

Variations in calculated average molecular weights of the polyesters were also
accompanied by changes in polymer ion current, also shown in Figure 4-2(b), average
molecular weight values calculated by ESI were measured using the cone potential
setting corresponding to the greatest signal strength unless otherwise stated.

Appendix E
E.

MATHEMATICAL MODELLING OF THE EXPANSION REGION
IN THE ELECTROSPRAY ION SOURCE

In order to determine the effects of the applied cone potential (discussed in Chapter 4),
ion transport through the intermediate region of pressure between the sampling cone
and the skimmer w a s analysed. This mathematical model w a s developed in
collaboration with Dr Mike Belov and Professor Peter Derrick at the University of
Warwick (and has yet to be published), and is included here in order to provide a basis
for the conclusions drawn in Chapter 4. It is acknowledged that the development of this
model is not solely the author's own work.

E.1 Jet Expansion
As they pass from the ESI source to the mass analyser, analyte ions are entrained in a
jet of air which expands from the nozzle of the sampling cone. This jet expansion is
accompanied by shock waves (barrel shock and Mach disk). To model the passage of
ions between the sampling cone and the skimmer, it is necessary to determine the
position and thickness of the Mach disk.

As the air is accelerated up to sonic velocity by the pressure gradient along the bore
the sampling cone, two regions are set up at the outlet of the cone, namely a viscous
boundary layer by the nozzle walls and an inviscid jet in the center. After passing the
sonic plane in the nozzle orifice, the gas is accelerated to the velocity of the fully
expanded flow, U°°:
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U°° = [y / (y - l)f2 a

(E-1)

(

2kT^h

a=

is the air velocity in the pseudo-resovoir, 7 is the ratio of the specific
v mo

heats, T0 is the temperature of the gas in the pseudo-reservoir (i.e. temperature of
bath gas), a is the air velocity in the pseudo-reservoir and m0is the mass of an air
molecule.

Acceleration terminates at a distance equal to a few nozzle diameters away from the

sonic plane, the stream lines of the jet have become straight, diverging from a 'virt
source' (distance d from the sonic plane in the nozzle orifice).174 To a good
approximation, the number density [n{z)] of molecules along the central axis of
expansion and the distance (d) separating the sonic plane and 'virtual source' are;

-2
\y

^ scaling J

n(z) = nc

(E-2)

^ scaling

.,„= 0.802(i?0 - S)
-scaling

(E-3)

d = 3.62(R0-8)

(E-4)

The sonic plane is z = 0, R0 = 0.1mm is the radius of the nozzle, 8 is the thickness
the viscous boundary layer by the nozzle walls and (R0 - 8) is the radius of the
inviscid jet. The number density of molecules in the pseudo-reservoir is n0. The
thickness (8) of the boundary layer, defined by the Reynolds number and the nozzle

Appendix E

259

radius, has been calculated to be about 2 pjri in the ESI sources used here. The region

of jet expansion is limited by the shock waves. The Mach disk terminating the region o
undisturbed jet expansion is perpendicular to the beam axis and can be regarded as a
normal shock. The position (zMach) of the Mach disk is given by:

zMach=l56(R0-8)[P/pf (E-5)

The pressure in the region between the sampling cone and the skimmer is /?, and p0
is the pressure in the pseudo reservoir, i.e. atmospheric pressure. At a typical
pressure, px = 0.8 Torr, zMachwould be 5.5 mm from the sonic plane.

The Mach disk has a finite thickness over which the gas decelerates from the

supersonic velocity. The thickness of the Mach disk (dM)\s related175 to the viscositybased mean free path (AVIJC(z)) as:

dM=5Kisc(z) <E-6)

\Jz) = [2n(z)Qvisc0Yl (E-7)
QVisco is tne viscosity-based, hard-sphere total cross-section for air molecules. To a
rough approximation, we assume that the analyte ions have an isotopic number-

density distribution. The viscosity-based, hard-sphere total cross-section (<2VIJC) ca
expressed as a function of the mass of an analyte ion (m):
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Qv,c(m) = QVisco{fmy

(E-8)

For a,,o= 21 A2 and n(zMach) = 5.23 x 1015 cm"3, Amt(ZMaJ would be equal to 0.64
mm and the thickness of the Mach disk {dM) would be 3.2 mm. The deceleration of ions

within the Mach disk is proportional to m"1/3, i.e. the heavier ions decelerate less q
than the lighter ions.

The overall length of the region in which the analyte ions move in a jet of air molec

is taken to be 8.7 mm (distance of the Mach disk from the nozzle plus its thickness).
The distance between the sampling cone and the skimmer in the ESI source (VG
Quattro™) was 20 mm, and therefore for a distance of 11.3 mm between the Mach
disk and the skimmer, the analyte ions drift along the lines of an electric field in
rarefied background gas with a substantially subsonic velocity. This velocity is

governed by their mobilities, regardless of the previous velocity distribution acquir
the jet.

In the jet region between the sampling cone and the Mach disk, expansion of the
analyte ions in the perpendicular direction is determined by collisions with the

background gas and by the decrease in the perpendicular translational temperature. In

the region of continuum flow between the sonic plane and the virtual source, collisio
maintain thermal equilibrium among all of the translational degrees of freedom
resulting in a cooling of the perpendicular translational temperature (T(z)) of the
according to:
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-2(y-l)
^

^"scaling

T(z) =

(E-9)

7
^scaling

A minimum temperature (known from experiment to be about 20 K for an air
supersonic jet) is reached at the freezing plane,176 beyond which we suppose that the
translational perpendicular temperature remains constant (up until the Mach disk).
Beyond the Mach disk the temperature is considered to be T0. The velocity of an
analyte ion along the beam axis can be expressed as:

W &*.*) = "- +^)E{ypJT%)-W(m) (E-10)

p is the ion mobility and q is the charge of the ion. The first term is the jet veloci
defined in equation (E-1) and W(m) is the velocity slip which depends on the mass of

an ion.177 The remaining term represents the effect of the electric field E between the

sampling cone and the skimmer. The finding from this study is that the contribution of
this field component is minor (around 8% of the total velocity uanalyte(z,m,q)). The
velocity slip is a significant term and it increases with mass.177 Thus the velocities

heavier ions at the Mach disk are lower than those of light ions, i.e. the lighter ion

faster. The degree of deflection of the analyte ion in the direction orthogonal to the

beam axis is determined by collisions with the background gas and by its perpendicular
translational temperature. Both collisions and this temperature are affected by the
mass and charge of a given analyte ion. The dimensions and position of the disk of a
specific analyte ion are mass and charge dependent. The coordinate perpendicular to
the beam axis {ycollis) acquired by an analyte ion as a result of collisions with air
molecules is given by:
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O

r

ycoms(z,m,q)= J \ Qvisc(m)Kisc(z,m)n(z)^
m

0 zO

/

j

-f(d)sm8dzd6

U

ana,yte{Z,m,q)

(E-11)

f(0) = cos:

(E-12)
6

K oJ

6 is the polar angle defined with respect to the virtual source point. For a nozzle

sharply cut-off in the sonic plane, i.e. with a Mach number equal to unity, 00 is gi
the Prandtl-Meyer relation:

]

0o =

A
{Y +1)
(r-i)

(E-13)

The contribution ytemp{z,m,q) of the perpendicular temperature to the orthogonal
expansion of analyte ion is:

2kT(z)

ytemp(z,m,q)=

J
Scaling

ana

'y,e

m
(z,m,q)

dz

(E-14)

The full deflection suffered by a given analyte ion in the direction perpendicular to the
beam axis during the supersonic jet expansion is:

yfuii{z,m,q) = ycollis(z,m,q)+ ytemp(z,m,q)

(E-15)

The position of the disk where the motion of a given analyte ion drops to the sonic
velocity is:
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I
\
1 I
\ \Uamlyte\Zlmch^m^(l)~a) 171 _
m
Zsoni\ i<i) = Zmach+ AiscVwchW) ~ 7 \~ ~ Q^M ^U-m) "U*J

, .

./

\

I

\

(E-16)

E.2 Ion Mobilities
After passing through the M a c h disk, the electrospray ions drift towards the skimmer
under the influence of the electric field between the cone and the skimmer. In good
178

approximation this motion is governed by a unipolar space-charge drift formula:

/,(«)-/*-%.<'-'•> p'-pM

<E 17)

-

p(t) is the charge density, e0 the vacuum permittivity and t0 is an initial drift time.
Application of the unipolar space-charge drift formula to a space-charge dominated ion
source for the plane-to-point geometry179 gives the saturation current density js along
the electric field line of length A as:

Jl=vovy

(E-18)

V is the voltage applied between the cone and the skimmer. Considering the plane-tohyperboloid geometry of the electric field lines in the Mach disk/skimmer region
equation (E-17) becomes:

j,(0,ro,$)= js0(m,q)(\ + 2tg2(t)(m,q)ym (E-19)
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Jso (m, cj) =

^

L

°

(E-20)

m

\ -zsonic{ ^))

tg<t)(m,q) = -

;

(E-21)

0 is the polar angle which the disk of a specific analyte ion subtends at the skimmer
and L is the distance between the cone and the skimmer. Taking the optimum
focusing voltage of any specific analyte, the focusing condition of the whole set of
polymer ions detected can be calculated using equations (E-19-E-21).

Ions of the same mass but different charges expand in the same solid angle as each
other in the supersonic jet and decelerate over the same distances within the Mach
disk. This follows because the velocity component from the ion mobility (second term

in equation (E-10)) is not significant, as stated above, and the gas-dynamics terms are
independent of charge. Thus, these ions drift according to their mobilities from the
same starting area in the Mach disk. Their ion mobilities are then functions of charge
as given by Einstein's relationship:

u =

^

&
kT

D is the diffusion coefficient.

(E-22)
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